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Abstract

Angelica sinensis seedlings were cultivated in mixed substrates containing differ-
ent proportions of attapulgite clay (attapulgite clay:substrate volume ratios of
0/1,1/100, 1/70, 1/50, 1/20) to investigate the physiological effects of Cu stress
on Angelica sinensis seedlings and the protective effect of attapulgite clay on
Angelica sinensis seedlings under Cu stress. The results showed: (1) When no at-
tapulgite clay was present in the substrate, with increasing CuCl2 treatment con-
centrations, the actual photochemical efficiency [Y(II)], PSII electron transport
rate (ETR), photochemical quenching (¢P), and chlorophyll content in Angel-
ica sinensis seedling leaves gradually decreased; whereas leaf non-photochemical
quenching (gN), soluble protein content, antioxidant enzyme activities (SOD,
POD, CAT, APX), hydrogen peroxide content, and Cu content in roots and
leaves all increased significantly, indicating that Cu stress reduced the photo-
chemical efficiency and chlorophyll synthesis of Angelica sinensis seedlings while
increasing tissue Cu content and oxidative stress; (2) Under CuCl2 stress, when
different proportions of attapulgite clay were present in the substrate, the Cu
stress-induced reductions in leaf Y(II), ETR, P, and chlorophyll content, as
well as the increases in leaf qN, soluble protein content, antioxidant enzyme ac-
tivities, hydrogen peroxide content, and Cu content in roots and leaves, were all
alleviated. This occurred because attapulgite clay adsorbed or immobilized free
and exchangeable Cu ions in the substrate, reducing the absorption of available
Cu ions by Angelica sinensis seedlings and thereby mitigating the physiologi-
cal pressure caused by Cu ions on the plants. The alleviating effect followed
the order: 1/70>1/50>1/20 1/100>0/1, which was attributed to the fact that
when excessive attapulgite clay was present in the substrate, while absorbing Cu
ions from the substrate, it also affected substrate aeration, water permeability,
and pH, among other properties. These results demonstrate that appropriate
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addition of attapulgite clay to the substrate can alleviate the physiological pres-
sure imposed by Cu stress on Angelica sinensis seedlings. These experimental
findings provide certain reference and guidance for reducing heavy metal con-
tamination in soilless cultivation of Angelica sinensis.
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Abstract

Angelica sinensis seeds were cultivated in a substrate containing different pro-
portions of attapulgite clay (volume ratios of attapulgite clay to substrate: 0/1,
1/100, 1/70, 1/50, 1/20) to investigate the physiological effects of Cu stress
on A. sinensis seedlings and the protective role of attapulgite clay under CuCl
stress. The results showed: (1) In the absence of attapulgite clay, increas-
ing CuCl concentrations led to gradual decreases in the actual photochemical
efficiency [Y(II)], PSII electron transport rate (ETR), photochemical quench-
ing (qP), and chlorophyll content of seedling leaves, while non-photochemical
quenching (gN), soluble protein content, antioxidant enzyme activities (SOD,
POD, CAT, APX), hydrogen peroxide content, and Cu accumulation in roots
and leaves all increased significantly. These findings indicate that Cu stress
reduced photochemical efficiency and chlorophyll synthesis while increasing tis-
sue Cu content and oxidative stress. (2) Under CuCl stress, the presence of
attapulgite clay in the substrate alleviated the Cu-induced reductions in leaf
Y(II), ETR, P, and chlorophyll content, as well as the Cu-induced increases in
gN, soluble protein content, antioxidant enzyme activities, hydrogen peroxide
content, and Cu accumulation in roots and leaves. This protective effect oc-
curred because attapulgite clay adsorbed or immobilized free and exchangeable
Cu ions in the substrate, thereby reducing the absorption of bioavailable Cu ions
by A. sinensis seedlings and mitigating the physiological pressure caused by Cu
ions. The mitigation effect followed the order: 1/70 > 1/50 > 1/20 1/100
> 0/1, likely because excessive attapulgite clay, while absorbing Cu ions, also
affected substrate aeration, water permeability, and pH. These results demon-
strate that appropriate incorporation of attapulgite clay into the substrate can
alleviate the physiological stress imposed by Cu toxicity on A. sinensis seedlings.
This study provides valuable insights and references for reducing heavy metal
contamination in the soilless cultivation of Angelica sinensis.
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Introduction

Angelica sinensis (Oliv.) Diels, a member of the Apiaceae family, is a tradi-
tional Chinese medicinal herb whose roots are used to enrich blood, moisten the
intestines, treat menstrual disorders, cold-deficiency abdominal pain, rheumatic
arthralgia, traumatic injuries, and as a chronic laxative for constipation in el-
derly patients with physical weakness (Wei et al, 2009; Fang et al, 2012). Cur-
rently, A. sinensis is cultivated in Gansu, Sichuan, Yunnan, Hubei, and other
provinces, with the largest cultivation area in Gansu Province, primarily dis-
tributed in the foothill regions on both sides of the eastern branch of the Min-
shan Mountains (Qiu et al, 2010).

Copper (Cu) is an essential micronutrient for plants, playing crucial roles in
protein structure, photosynthetic electron transport, and cell wall metabolism
(Guerrero, 2005). However, excessive Cu ions adversely affect plant growth and
development. Maksymiec and Krupa (2006) found that during early stages of
heavy metal Cu stress, H O content and antioxidant enzyme activities increased
in plant tissues, indicating that excess Cu induces oxidative stress in plant cells.
Furthermore, studies have shown that Cu stress can inhibit photosynthesis and
affect chlorophyll synthesis (Xie et al, 2018). These physiological changes ul-
timately lead to impaired plant growth and development, and can even cause
plant death (Kopittke et al, 2006).

In recent years, Cu ion pollution has become increasingly severe (Sharma &
Agrawal, 2005; Xie et al, 2018), particularly soil and water contamination from
copper mining (Li, 2008; Zhao, 2009) and the extensive application of copper-
containing pesticides such as Bordeaux mixture (Cu ion concentration of 1.5 g+
L 1) (Druart et al, 2012), which subject plants to serious Cu ion stress. Therefore,
studying the physiological effects of Cu stress on plants—especially medicinal
plants with strict heavy metal standards—is of significant importance. However,
most research on Cu stress physiology has focused on model plants like Ara-
bidopsis or important crops, with few reports on medicinal plants such as A.
sinensis.
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Meanwhile, effective strategies to reduce Cu ion toxicity represent a current
research hotspot. Attapulgite clay, a non-metallic mineral resource with both
clay and stone characteristics (Hu et al, 2005), can reduce free heavy metal ions
in the environment through adsorption and ion exchange at low cost (Wei &
Cui, 2005; Zhu & Zhou, 2004). Previous studies have used attapulgite clay to
remediate ecosystems contaminated with Pb, Cu, Cd, and other heavy metals
(Wang, 2016; Yang & Hu, 2004; Tan, 2011), demonstrating its ability to adsorb
and immobilize free heavy metals in substrates, thereby protecting the environ-
ment. Based on these properties, incorporating attapulgite clay into cultivation
substrates may alleviate the adverse effects of Cu stress on medicinal plants
like A. sinensis. However, no such studies have been reported domestically or
internationally.

For these reasons, this study used A. sinensis seedlings to investigate their phys-
iological changes under short-term heavy metal Cu stress and the alleviating
effects of attapulgite clay, aiming to expand the application of attapulgite clay
in agricultural research and provide references for reducing heavy metal toxicity
in plants.

1.1.1 Plant Material Cultivation

The experimental material was Angelica sinensis cv. Mingui. Seeds were
rinsed four times with distilled water and sterilized with 1% NaClO for 10
minutes, then washed eight times with distilled water to remove residual Na-
ClO. The seeds were placed in petri dishes lined with double-layer gauze and
germinated in an incubator at 25°C. After 7 days, uniformly germinated seeds
were planted in mixed substrates with different attapulgite clay ratios (atta-
pulgite clay:substrate volume ratios of 0/1, 1/100, 1/70, 1/50, and 1/20, with
equal total substrate volume for all treatments), and irrigated with 1/2-strength
Hoagland nutrient solution until the substrate was completely moist. Seedlings
were grown at 25°C under 200 mol+m 2-s ! light intensity, and nutrient solution
was applied every 3 days after cotyledon expansion.

1.1.2 Material Treatment

Thirty-day-old, uniformly growing A. sinensis seedlings were selected for two
experiments: (1) 60 mL of CuCl solution at concentrations of 5, 15, 25, and 35
mmol + L ' (Cu ion concentrations based on reported Cu pollution levels) (Zhao,
2009) was applied to substrates without attapulgite clay; control groups received
equal volumes of distilled water. Measurements were taken after 24 hours (four
independent samples per treatment, three replicates per measurement). (2)
60 mL of 25 mmol - L ' CuCl solution was applied to each mixed substrate
(attapulgite clay:substrate volume ratios of 0/1, 1/100, 1/70, 1/50, and 1/20);
control groups received equal volumes of distilled water, followed by 24 hours
of cultivation before physiological parameter measurements.
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1.2.1 Determination of Chlorophyll Fluorescence Parameters

Following methods described by Genty et al (1989), Flexas et al (1999), and
Hazrati et al (2016), a modulated chlorophyll fluorescence imaging system
(IMAGING-PAM) was used to measure A. sinensis seedlings. After instrument
connection and normal operation, initial fluorescence (Fo) and maximum
fluorescence (Fm) were measured in dark-adapted state. When real-time
fluorescence (Fs) under actinic light reached steady state (20 s), a saturation
pulse was applied to measure maximum fluorescence (Fm’ ), followed by far-red
light to measure minimum fluorescence (Fo’ ). The following formulas were
used: Y(II) = (Fm’ -Fs)/Fm’ ; ETR = [(Fm’ -Fs)/Fm’ |xPARX0.5x0.84; qP
= (Fm’ -Fs)/(Fm’ -Fo’ ); gN = (Fm’ -Fo’ )/(Fm-Fo).

1.2.2 Determination of Chlorophyll Content

Chlorophyll content in A. sinensis seedling leaves was determined according
to Arnon (1949). Fresh leaves (0.02 g) were chopped and placed in a 5 mL
centrifuge tube with 4 mL of 80% acetone extraction solution, then extracted
in darkness at 4°C until leaves turned white. After homogenization, 3 mL of
extract was transferred to a cuvette and absorbance was measured at 645 nm
and 663 nm to calculate chlorophyll content.

1.2.3 Determination of Soluble Protein Content

Soluble protein content in A. sinensis seedling leaves was measured according to
Zhao (2016). Fresh leaves (0.01 g) were ground in a mortar with 4 mL distilled
water, homogenized, and left for 30 minutes before centrifugation at 4,000 r -
min ! for 20 minutes. The supernatant was transferred to another tube and
diluted to volume with distilled water. One milliliter of extract was mixed with 5
mL of Coomassie Brilliant Blue G-250 protein solution, incubated for 2 minutes,
and absorbance was measured at 595 nm. Protein content was calculated using
a standard curve (mg-g?).

1.2.4 Determination of Antioxidant Enzyme Activities and Hydrogen
Peroxide Content

Superoxide dismutase (SOD) activity was measured using the nitroblue tetra-
zolium (NBT) reduction method of Nishikimi et al (1972). Peroxidase (POD)
activity was determined using the guaiacol method of Fernandez (2013) and
Martins (2011). Catalase (CAT) activity was measured using the method of
Chance and Maehly (1995). Ascorbate peroxidase (APX) activity was deter-
mined according to Nakano and Asada (1981). Hydrogen peroxide content was
measured using the method of Ferguson (1983).
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1.2.5 Determination of Copper Content in Plant Tissues

To determine Cu content, plant materials (roots and leaves of A. sinensis
seedlings) were digested with 70% HNO solution under microwave conditions
and analyzed by inductively coupled plasma atomic emission spectrometry
according to Chen et al (2004).

1.3 Statistical Analysis

Raw data were processed and graphed using Excel and Origin software, with
values expressed as mean + standard deviation (SD). Data were analyzed using
two-tailed t-tests, with P < 0.05 indicating statistically significant differences.

2.1 Effects of Different CuCl Concentrations on Copper
Content in Angelica Seedling Tissues

The results showed that Cu content in both roots and leaves of A. sinensis
seedlings increased with rising CuCl concentrations. At 5 mmol+L ' CuCl,
leaf Cu content showed no significant difference compared to the control, while
root Cu content was significantly higher. When CuCl concentration reached
15 mmol + L 1, leaf Cu content increased significantly compared to the control

These findings indicate that CuCl stress caused substantial Cu accumula-
tion in plant roots and leaves, with increasing CuCl concentrations leading to
progressive Cu accumulation in A. sinensis seedling tissues.

2.2 Effects of Different CuCl Concentrations on Chloro-
phyll Fluorescence Parameters, Chlorophyll Content, and
Soluble Protein Content in Angelica Seedling Leaves

The previous results demonstrated that Cu content in A. sinensis seedling roots
and leaves increased significantly with rising CuCl concentrations . As shown
in , treatment with 5 mmol-L * CuCl caused no significant changes in Y (II) and
ETR compared to the control. However, when CuCl concentration increased
to 15 mmol - L %, both Y(II) and ETR decreased significantly and continued to
decline with further concentration increases. Compared to Y(II) and ETR, ¢P
and qN were more sensitive to CuCl stress: qP decreased significantly while qN
increased significantly with rising CuCl concentrations . These results indicate
that increasing exogenous CuCl concentrations not only elevated Cu content
in root cells but also caused structural changes in QB-binding proteins and
electron transport-related proteins on the oxidizing or reducing side of PSII,
leading to disordered PSII electron transport (Wei, 2016; Baker et al, 1998;
Amina et al, 2013). This ultimately resulted in Cu accumulation in leaves and
decreased PSII reaction center openness, excitation energy capture efficiency,
and operational efficiency, thereby altering chlorophyll fluorescence parameters
by affecting electron transport component functions in PSII. Furthermore, the
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study found that chlorophyll content decreased concurrently with changes in
leaf Cu content and chlorophyll fluorescence parameters , presumably because
Cu replaced Fe? | Zn? | Mg? , and other ions in chlorophyll, altering central ion
composition and inactivating chlorophyll molecules (Rousos & Harrison, 1987;
Liu et al, 2008; Peng & Song, 2011; Xue et al, 2016). Since chlorophyll content
also affects PSII light utilization efficiency (Yang et al, 2016; Feng et al, 2016),
the changes in chlorophyll fluorescence parameters caused by CuCl likely re-
sulted from combined effects of altered electron transport component functions
and chlorophyll structural damage.

Soluble protein content serves as an important osmotic regulator in plant stress
resistance, and its changes can reflect environmental impacts on plants (Bao
et al, 2001; Chen et al, 2010). The study found that soluble protein content
in A. sinensis seedling leaves increased significantly with rising CuCl concen-
trations compared to the control, indicating that CuCl stress affected protein
metabolism in seedling leaves.

2.3 Effects of Different CuCl Concentrations on Antioxi-
dant Enzyme Activities and Hydrogen Peroxide Content in
Angelica Seedling Leaves

SOD, POD, CAT, and APX are key enzymes in the reactive oxygen species
scavenging system that protect cells from oxidative damage, and their activity
changes are important indicators of plant antioxidant capacity (Gong et al, 2008;
Sun et al, 2005). For example, SOD can effectively prevent reactive oxygen
species damage to cell membranes (Cakmak & Horst, 2006; Kornyeyev et al,
2001); POD, as a highly active adaptive enzyme, can reflect plant metabolic
status and environmental adaptability (Zhou et al, 2016); APX and CAT belong
to different H O scavenging enzyme categories (Mittler, 2002). Increased H O
content indicates environmental stress on plant cells (Qrozco-Cardenas et al,
2001; Foyer & Noctor, 2003; Knight, 2004). This study found that compared
to the control, antioxidant enzyme activities (SOD, POD, CAT, APX) in A.
sinensis seedling leaves increased significantly with rising CuCl concentrations,
with SOD increasing by 3.2-, 5.7-, and 6.7-fold, and APX increasing by 2.0-
, 3.0-, 3.1-, and 4.1-fold . Concurrently, H O content in seedling leaves also
increased progressively with CuCl concentration. These results demonstrate
that excess Cu in the cultivation substrate caused physiological stress on A.
sinensis seedlings.

2.4 Effects of Attapulgite Clay in Substrate on Copper Con-
tent in Angelica Seedling Tissues Under CuCl Stress

The above results showed that Cu stress adversely affected both roots and leaves
of A. sinensis seedlings. Under 25 mmol-L ' CuCl stress, physiological parame-
ters changed significantly, and this Cu concentration approximated that in Bor-
deaux mixture. Therefore, we further investigated whether adding attapulgite

chinarxiv.org/items/chinaxiv-201808.00149 Machine Translation


https://chinarxiv.org/items/chinaxiv-201808.00149

ChinaRxiv [$X]

clay to the substrate could alleviate the physiological pressure caused by CuCl
by comparing physiological parameters of seedlings grown in mixed substrates
(attapulgite clay:substrate volume ratios of 0/1, 1/100, 1/70, 1/50, and 1/20)
under 25 mmol - L1 CuCl stress.

We first measured Cu content in roots and leaves of A. sinensis seedlings after
CuCl treatment . Under CuCl stress, when the attapulgite clay:substrate
ratio was 1/100, Cu content in roots and leaves showed no significant difference
compared to seedlings grown in substrate without attapulgite clay. However,
as attapulgite clay content in the substrate increased, Cu content in both roots
and leaves decreased significantly compared to the control without attapulgite
clay. This reduction likely occurred because attapulgite clay decreased free Cu
ions in the substrate through adsorption and ion exchange.

2.5 Effects of Attapulgite Clay in Substrate on Chlorophyll
Fluorescence and Chlorophyll Content in Angelica Seedling
Leaves Under CuCl Stress

Measurements revealed that under CuCl stress, the presence of attapulgite clay
in the substrate increased Y (II), ETR, and qP while decreasing gN in A. sinen-
sis seedling leaves compared to substrate without attapulgite clay [Figure 1: see
original paper]. This indicates that attapulgite clay adsorbed excess Cu ions,
preventing structural changes in QB-binding proteins and electron transport-
related proteins on the oxidizing or reducing side of PSII, thereby reducing
PSII electron transport disorder and alleviating the adverse effects of CuCl
stress on PSII. Further observation showed that as the attapulgite clay ratio
increased from 1/100 to 1/70, its alleviating effect on CuCl -induced PSII dam-
age was enhanced. However, with further increases in attapulgite clay ratio,
this effect persisted but was weakened compared to the 1/70 treatment, with
the mitigation order being 1/70 > 1/50 > 1/20 > 1/100 > 0/1. This may be
because excessive attapulgite clay, while absorbing Cu ions, also affected sub-
strate physical properties such as aeration, water permeability, and pH, though
the specific mechanisms require further investigation.

As shown in [Figure 2: see original paper|, under CuCl stress, the presence of
1/70 and 1/50 attapulgite clay in the substrate significantly increased chloro-
phyll content compared to substrate without attapulgite clay, with the 1/70
ratio showing the most pronounced effect. This suggests that attapulgite clay
reduced the replacement of Fe? | Zn? , and Mg? in chlorophyll by Cu? , thereby
decreasing changes or inactivation of central ion composition and alleviating the
inhibitory effect of CuCl stress on chlorophyll synthesis.
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2.6 Effects of Attapulgite Clay in Substrate on Soluble Pro-
tein Content, Antioxidant Enzyme Activities, and Hydro-

gen Peroxide Content in Angelica Seedling Leaves Under
CuCl Stress

This study investigated the effects of different attapulgite clay proportions in
the substrate on soluble protein content, antioxidant enzyme activities, and
hydrogen peroxide content in A. sinensis leaves under CuCl stress [FIGURE:3,
4, 5]. When CuCl stress increased leaf soluble protein content, CAT activity,
and hydrogen peroxide content, attapulgite clay in the substrate alleviated these
increases, with the mitigation effect generally following the order: 1/70 > 1/50
>1/20 1/100 > 0/1.

When CuCl stress elevated SOD and POD activities [Figure 4: see original
paper], attapulgite clay significantly slowed these increases. For POD, the al-
leviating effect strengthened as the attapulgite clay ratio increased from 1/100
to 1/50, but weakened with further ratio increases. For APX activity, the 1/70
attapulgite clay ratio significantly reduced the CuCl -induced increase [Figure
4D: see original paper].

These results indicate that an attapulgite clay:substrate volume ratio of 1/70
provides the strongest adsorption capacity, effectively alleviating CuCl -induced
increases in leaf soluble protein content, antioxidant enzyme activities, and hy-
drogen peroxide content.

3 Discussion and Conclusion

In this study, CuCl stress caused decreases in Y(II), ETR, P, and chloro-
phyll content in A. sinensis seedlings , indicating reduced PSII capacity and
operational efficiency under light, as well as decreased electron acceptance and
transfer abilities. Correspondingly, qN, which represents energy dissipation, in-
creased significantly under CuCl stress, suggesting that more light energy was
dissipated as heat rather than being used for photochemical reactions (Xie et al,
2018). Meanwhile, as Cu accumulated in plant tissues, soluble protein content,
antioxidant enzyme activities, and hydrogen peroxide content in A. sinensis
leaves increased significantly [TABLE:1, TABLE:3, TABLE:4|, demonstrating
severe physiological pressure from Cu stress.

As mentioned above, attapulgite clay exhibits excellent heavy metal adsorption
properties (Hu et al, 2005; Wei & Cui, 2005) and can immobilize heavy metals
in cultivation substrates through adsorption or ion exchange, thereby reducing
plant heavy metal absorption (Tan et al, 2011). Therefore, we investigated
whether attapulgite clay addition could effectively alleviate the physiological
pressure caused by Cu stress. In further experiments, we compared physiologi-
cal parameters of seedlings grown in mixed substrates (attapulgite clay:substrate
volume ratios of 0/1, 1/100, 1/70, 1/50, and 1/20) under 25 mmol - L * CuCl
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stress (a concentration approximating that in Bordeaux mixture). The results
showed that under CuCl stress, substrates containing attapulgite clay signifi-
cantly reduced Cu content, soluble protein content, antioxidant enzyme activi-
ties (SOD, POD, CAT, APX), and hydrogen peroxide content while increasing
photochemical efficiency and chlorophyll content compared to substrates with-
out attapulgite clay. This indicates that attapulgite clay addition can alleviate
physiological pressure from Cu ions on A. sinensis seedlings, likely by adsorb-
ing or immobilizing free and exchangeable Cu ions in the substrate, thereby
reducing absorption of bioavailable Cu ions. Notably, although increasing atta-
pulgite clay ratios continuously reduced Cu accumulation in plant tissues, the
alleviation of other physiological pressures did not show an absolute parallel rela-
tionship. Overall, when the attapulgite clay ratio was below 1/70, its alleviating
effect on CuCl -induced physiological pressure strengthened with increasing ra-
tio. However, when the ratio exceeded 1/70, the alleviating effect weakened to
varying degrees, with the mitigation order being 1/70 > 1/50 > 1/20 1/100 >
0/1. This may be because excessive attapulgite clay, while absorbing Cu ions,
also affected substrate aeration, water permeability, and pH (Tan et al, 2011),
though specific mechanisms require further investigation.

In conclusion, appropriate amounts of attapulgite clay can alleviate physiolog-
ical pressure caused by CuCl stress. In field cultivation of A. sinensis, atta-
pulgite clay addition can mitigate heavy metal toxicity, with an attapulgite
clay:substrate volume ratio of 1/70 providing optimal alleviation.
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