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ABSTRACT

Although Platycodon grandiflorum (Jacq.) A.DC. is a renowned medicine food homology plant, reports of exces-
sive cadmium (Cd) levels are common, which affects its safety for clinical use and food consumption. To enable
its Cd levels to be regulated or reduced, it is necessary to first elucidate the mechanism of Cd uptake and accu-
mulation in the plant, in addition to its detoxification mechanisms. This present study used inductively couple
plasma-mass-spectrometry to analyze the subcellular distribution and chemical forms of Cd in different tissues
of P. grandiflorum. The experimental results showed that Cd was mainly accumulated in the roots [predominantly
in the cell wall (50.96%–61.42%)], and it was found primarily in hypomobile and hypotoxic forms. The propor-
tion of Cd in the soluble fraction increased after Cd exposure, and the proportion of insoluble phosphate Cd and
oxalate Cd increased in roots and leaves, with a higher increase in oxalate Cd. Therefore, it is likely that root
retention mechanisms, cell wall deposition, vacuole sequestration, and the formation of low mobility and low
toxicity forms are tolerance strategies for Cd detoxification used by P. grandiflorum. The results of this study pro-
vide a theoretical grounding for the study of Cd accumulation and detoxification mechanisms in P. grandiflorum,
and they can be used as a reference for developing Cd limits and standards for other medicine food homology
plants.
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1 Introduction

Heavy metals are naturally occurring elements that are widely distributed throughout the Earth’s crust.
However, recent industrialization and agricultural development have resulted in heavy metal pollution,
which is a major public health concern [1]. These mineral elements normally enter the food chain via
plant uptake and are progressively passed on to the final consumers, thereby leading to various health
problems [2,3]. Of all the heavy metals, cadmium (Cd) is a particular cause for concern because high
amounts of Cd are emitted from industries, and plants readily uptake the metal via their roots [4]. Cd is
reported to be a carcinogenic substance, and long-term exposure to Cd can have adverse effects on
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human health; toxic effects on the lungs, kidneys, bones, and respiratory system have been reported, in
addition to hypertension and cardiovascular, cerebrovascular, and kidney diseases [5–7].

Cd can be rapidly spread in the environment from various industrial sources, such as metal smelting,
mining, battery manufacturing, textile printing, and pigment and plastic manufacturing [8,9]. Cd presents
high mobility in soils and plants and readily accumulates at excess levels [10]. Exposure to Cd can
interfere with all stages of plant development and inhibit seed germination and vegetative and
reproductive growth [11]. Symptoms of Cd poisoning in plants include stunted growth, yellowing (leaf
chlorosis), necrosis, wilting, a reduced photosynthetic rate, and respiratory depression. In addition, Cd can
reduce plant biomass production and even result in plant death [12].

In the case of medicinal plants, heavy metals affect both their quality and safety for medicinal purposes
[13], and numerous researchers have examined heavy metal contamination in plant tissues. For example, the
study of Sarma et al. [14] assessed the accumulation of heavy metals in 88 medicinal plants, 44 of which
showed Cd levels above the maximum permitted level (0.5 μg g−1) of the “European Pharmacopoeia”.
Platycodon grandiflorum (Jacq.) A.DC. (P. grandiflorum) is an important plant used in Chinese traditional
medicine [15], and it contains a variety of chemical constituents, such as saponins, flavonoids, phenolic
acids, polysaccharides, and amino acids. These exert a wide range of pharmacological effects, and the
plant is used as a cough suppressant, analgesic, and immunostimulant, and it is also known to have anti-
inflammatory, antioxidant, antitumor, hepatoprotective, and anti-diabetic properties [16]. However, in
addition to its medicinal use, P. grandiflorum has been used as a vegetable in east Asia for thousands of
years [17], and both its seedlings and roots are edible and rich in amino acids, dietary fiber, vitamins, and
essential trace elements, including calcium, zinc, potassium, and iron [18]. There is thus a broad market
for P. grandiflorum in Korea, Japan, and Northeast China [19], where it is processed into pickles, salads,
noodles, preserved fruits, and medicinal wine [17,20]. It is considered a “medicine food homology” plant
and is included in the “Chinese Homologous Catalogue of Medicine and Food” [17].

In recent years, the public has become gradually aware of the benefits of healthy eating, and medicine
food homology plants have become widely popular; therefore, the safety of such plants is paramount.
However, numerous studies have reported the presence of excessive Cd levels in P. grandiflorum. For
example, Li [21] analyzed the Cd contents of three batches of P. grandiflorum samples in Sichuan and
found that two of the batches exceeded the Cd limit standard of 0.3 mg kg−1 established by the Green
Trade Standards of Importing & Exporting Medicinal Plants & Preparations. Zhang [22] analyzed the Cd
content of P. grandiflorum samples in the Yanbian area and found that the contents were higher than the
national permissible Cd limit standard. Moreover, Zeng [23] analyzed the heavy metal content of
58 batches of P. grandiflorum samples from different areas in China; of these, 24 batches exceeded the
Cd limit standard (>0.3 mg kg−1), with an unqualified rate of 41.4%, and the highest Cd content was
found to be 1.365 mg kg−1. These studies show that excessive amounts of Cd beyond standard limits are
commonly accumulated in P. grandiflorum. Related studies have also found that P. grandiflorum has a
large Cd enrichment factor and the ability to actively absorb and enrich external Cd [24–26]. Therefore,
its Cd contents severely affect the quality and safety of Platycodonis Radix, the root of P. grandiflorum.
However, to design methods that control the Cd uptake of this important species, it is necessary to first
gain a thorough understanding of its Cd accumulation and detoxification mechanisms.

The transport, toxicity, and biological validity of heavy metals are all closely related to their subcellular
distribution and the chemical form in which they occur in plant tissues [27,28]. In addition, the subcellular
distribution patterns and the chemical forms in which heavy metals exist in a particular plant’s tissues reflect
its accumulation and detoxification processes [29,30]. Heavy metals can exist in different chemical forms in
plants, including inorganic, water-soluble, pectate- and protein-integrated, undissolved phosphate, and
oxalate forms [31], and converting heavy metals to non-toxic chemical forms is an important strategy
used by plants to alleviate associated toxicity [32]. For example, the conversion of Cd into insoluble
phosphate precipitates, pectates, and protein-bound forms is the primary means of reducing Cd mobility
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and toxicity in Koelreuteria paniculate (K. paniculate) [33]. To avoid Cd toxicity, plants have developed
intracellular and extracellular mechanisms for metal detoxification, such as binding, precipitation in the
cell wall, and/or compartmentalization in vacuoles [34,35]. In this respect, in Morus alba L. (M. alba),
the combination of Cd and peptides and organo-ligands in the leaf vacuoles, or with proteins or cellulose
in the cell walls of roots, may contribute to root tolerance of Cd stress [8]. Uddin et al. [4] proved that Cd
in Sesuvium portulacastrum was primarily compartmentalized as a soluble fraction. However, in Solanum
nigrum, the largest proportion of Cd was found to be segregated in the cell wall, and as the Cd
concentration increased, the proportion of inorganic and water-soluble forms of Cd also increased,
whereas insoluble Cd phosphates and Cd oxalate decreased [36].

Studying the subcellular distribution and chemical forms of Cd in P. grandiflorum is essential for
revealing its Cd accumulation and detoxification mechanisms. However, little is known about the
translocation, distribution, and chemical forms of Cd within P. grandiflorum. Therefore, to fill this
knowledge gap, cell fractionation and chemical sequential extraction methods were used to investigate the
subcellular distribution and chemical forms of Cd in P. grandiflorum. The results of this study suggest
that root retention mechanisms, cell wall deposition, vacuole sequestration, and the formation of
hypomobile and hypotoxic chemical forms are important Cd-detoxifying strategies in plants that
accumulate excess Cd. Furthermore, these results can be used as a theoretical basis for understanding the
accumulation and detoxification mechanism of Cd in P. grandiflorum, and they also provide valuable
information for evaluating the safety of medicinal food homology plants.

2 Materials and Methods

2.1 Plant Material and Experimental Conditions
P. grandiflorum seedlings were collected from the medicinal plant garden at the Shaanxi University of

Chinese Medicine. The seedlings were thoroughly washed and then grown hydroponically in Hoagland’s
nutrient solution. After three months, they were exposed to concentrations of 0 μM (CK) and 200 μM
Cd(NO3)2 Three replicates of each treatment were prepared, with 12 seedlings in each. Cd treatment
concentrations are based on preexperimental study results and described in the supplementary material.
The plants were cultivated in a greenhouse with 12 h of light per day, a day/night temperature of
25/20°C, and the nutrient solution was renewed every 3 d. The plants were harvested after 0, 24 h, and
10 days of Cd exposure, and were noted as the Cd 0h group, Cd 24 h group, and the Cd 10 d group,
respectively. The controls were recorded as the Cd 0 h-CK group, Cd 24 h-CK group, and Cd 10 d-CK
group, respectively. When harvesting the plants, care was taken to keep the roots intact. The plants were
then completely immersed in 20 mM Na2-EDTA for 20 min to eliminate Cd absorbed on the surface and
subsequently washed with deionized water. Finally, the plants were divided into root, stem, and leaf
tissues, all of which were then used for various research parameter assays.

2.2 Tissue Fractionation
Fresh samples of P. grandiflorum root, stem, and leaf tissues were frozen in liquid nitrogen and then

crushed. The samples were homogenized in a pre-cooled extraction buffer (50 mM Tris-HCl, 250 mM
sucrose, and 1.0 mM C4H10O2S2) and the homogenate was centrifuged at 3,000 rpm for 15 min, with the
precipitate representing the cell wall fraction (FCW). The supernatant was taken and centrifuged at
12,000 rpm for 45 min, with the precipitate representing the organelle fraction (FCO) and the supernatant
representing the soluble fraction (FS) [9]. All centrifugations were conducted at 4°C. The different
fractions were digested with HNO3/H2O2 (3:1, v/v), and the Cd content of each fraction was determined
using ICP-MS (iCAP RQ, Thermo Fisher Scientific, Bremen, Germany). ICP-MS measurement
conditions and sample digestion methods are in the supplementary material.
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2.3 Extraction of Different Cd Chemical-Forms
The chemical forms of Cd were analyzed using successive extraction by designated solutions in

the following order: (1) 80% ethanol, extracting inorganic Cd (FE); (2) deionized water, extracting
water-soluble organic Cd (FW); (3) 1 M NaCl, extracting pectate and protein-integrated Cd (FNaCl); (4)
2% acetic acid, extracting insoluble Cd-phosphate complexes (FHAc); (5) 0.6 M HCl, extracting Cd-
oxalate (FHCl) and (6) the residual Cd (FR) [37]. The root, stem, and leaf tissues were frozen in liquid
nitrogen and crushed, homogenized in extraction solution, diluted at a ratio of 1:10 (w/v) and shaken for
22 h at 25°C. The homogenate was then centrifuged at 5,000 g for 10 min, and the supernatant was
collected. The precipitate was suspended twice in the extraction solution, shaken for 2 h at 25°C, and
then centrifuged. The supernatants of the three centrifugations were pooled, and the solid residue was
subjected to the next extraction in the indicated order using the same steps presented above. The five
extraction solutions and the residue were dried to a constant weight, digested with HNO3/H2O2 (3:1, v/v),
and the Cd content in each fraction was then determined using ICP-MS (iCAP RQ, Thermo Fisher
Scientific, Bremen, Germany). ICP-MS measurement conditions and sample digestion methods are in the
supplementary material

2.4 QA/QC Control and Statistical Analysis
Quality assurance and quality control (QA/QC) of Cd in P. grandiflorum was performed using the

standard reference material of garlic powder (GBW10022) from the Institute of Geophysical and
Geochemical Exploration in China, which had a Cd dry weight content of 0.0611 ± 0.0001 mg kg−1 that
was consistent with the certified value of 0.062 ± 0.003 mg kg−1 Cd. SPSS statistical software (Version
25.0, SPSS Inc., Chicago, IL, USA) was used to analyze the data, and figures were generated using the
GraphPad Prism 9 software (GraphPad Software, San Diego, CA, USA).

3 Results

3.1 Cd Uptake in P. grandiflorum
Table 1 shows Cd concentration in leaves, stems and roots of P. grandiflorum at different sampling times

after treatment initiation. TWO-WAY analysis of variance (3 types of tissues × 3 different times after
initiation of the experiment) showed that that the interaction between different tissue types and sampling
times had significant effects on Cd concentration (p < 0.01). In the Cd 0 h group, Cd concentrations in
stems were significantly higher than those in leaves and roots. However, in the Cd 24 h group, Cd
concentrations in roots were significantly higher than those in leaves and stems. In the Cd 10 d group, the
concentrations of Cd in roots, stems and leaves were significantly different, with the highest
concentration in roots, accounting for 60.89% of the total. The Cd concentrations in the same tissue were
significantly different at different harvesting times. The Cd concentrations of the root and leaf tissues
increased with increasing Cd exposure time, whereas it first decreased and then increased in the stem
tissue. At the end of the experiment, the Cd levels in the root and leaf tissues of the Cd 24 h group
increased by 3.2- and 11.3-fold, respectively, and Cd levels in the leaf, stem, and root tissues increased
by 7.1-, 6.2-, and 50.8-fold in the Cd 10 d group, respectively.

Table 1: Cd concentrations in leaf, stem, and root tissues of P. grandiflorum at different sampling times after
treatment initiation

Tissues Cd concentration (mg kg−1)

Cd 0 h Cd 24 h Cd 10 d

Leaf 0.1976 ± 0.0012Cb 0.628 ± 0.0036Bb 1.411 ± 0.0128Ac

Stem 0.7084 ± 0.0043Ba 0.6193 ± 0.0029Cb 4.3793 ± 0.0182Ab

Root 0.1773 ± 0.003Cb 2.004 ± 0.0078Ba 9.0147 ± 0.0888Aa

Note: Mean ± standard deviation (replicates = 3). Different capital letters in the rows and lowercase letters in the columns indicate
significant differences in the concentration of Cd at different sampling times different sampling times after treatment initiation, and in
the concentration of Cd by different tissues type at p < 0.05, respectively.
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3.2 Subcellular Distribution
The results of the subcellular distribution of Cd in different P. grandiflorum tissues after different Cd

exposure times are shown in Fig. 1, Table S1 and Table 2. The results of the THREE-WAY analysis of
variance (3 types of tissues × 3 subcellular fractions × 6 harvesting times) showed that different
subcellular fractions had a significant effect on the proportion of Cd (p < 0.01), but the effect of
different tissues and different sampling times on the proportion of Cd was not significant. Furthermore,
the interaction effects between tissue type and subcellular distribution, sampling time and subcellular
distribution, tissue type, subcellular fraction, and sampling time had a significant effect on the proportion
of Cd (p < 0.01) (Table 3).

In P. grandiflorum, the proportion of Cd in the cell wall (FCW) showed a trend of decreasing and then
increasing with increasing exposure time, and the proportion of Cd in the cell wall was significantly lower
than the other groups at 24 h exposure (p < 0.01), while there was no statistical difference between the other
groups. The proportion of Cd in the organelles (FCO) decreased gradually with increasing exposure time and
was significantly lower than that in the control group (p < 0.01). The proportion of Cd in soluble fraction (FS)
showed a trend of increasing and then decreasing with increasing exposure time and was statistically different
between the Cd 24 h group, Cd 10 d group and the control group (p < 0.05). At each harvest time, the cell
wall contained the most Cd (50.96%–61.42%), followed by the organelles (26.91%–35.86%) and the soluble
fraction (2.22%–22.13%), with statistical differences between the three subcellular fractions (p < 0.01)
(Table 2).

Figure 1: Subcellular distribution of Cd in root, stem, and leaf tissues of P. grandiflorum at different
exposure times
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In P. grandiflorum leaves, stems, and roots, Cd was predominantly distributed in the cell wall fraction,
followed by the organelle and soluble fractions, and there was a statistical difference between the three
subcellular fractions in the same tissue (p < 0.01) (Fig. 1). The proportion of Cd in the cell wall of the
stem was significantly higher than the proportion of Cd in the cell wall of the leaves and roots (p < 0.05).
There was no statistical difference in the proportion of Cd in organelles of leaves, stems and roots. The
proportion of Cd in the soluble fraction of the stem was significantly lower than the proportion of Cd in
the soluble fraction of the leaf and root (p < 0.05).

Table 2: Proportion of Cd present in different subcellular fractions from leaf, stem, and root tissues of P.
grandiflorum at different sampling times after treatment initiation

Tissues Subcellular fraction Proportion (%)

Cd 0 h-CK Cd 0 h Cd 24 h-CK Cd 24 h Cd 10 d-CK Cd 10 d

Leaf Cell wall 56.16 ± 0.5a 56.16 ± 0.5a 56.19 ± 0.81a 50.96 ± 0.43a 56.13 ± 1.39a 56.87 ± 0.85a

Organelle 34.11 ± 0.31b 34.11 ± 0.31b 34.08 ± 0.9b 26.91 ± 0.85b 34.11 ± 0.58b 31.51 ± 0.86b

Soluble fraction 9.73 ± 0.19c 9.73 ± 0.19c 9.72 ± 0.41c 22.13 ± 0.56c 9.77 ± 0.82c 11.62 ± 0.01c

Stem Cell wall 61.88 ± 0.33a 61.88 ± 0.33a 61.85 ± 0.27a 51.73 ± 0.34a 61.6 ± 0.12a 60.67 ± 0.36a

Organelle 35.9 ± 0.29b 35.9 ± 0.29b 35.91 ± 0.09b 33.48 ± 0.51b 36.1 ± 0.19b 27.78 ± 0.42b

Soluble fraction 2.22 ± 0.26c 2.22 ± 0.26c 2.24 ± 0.28c 14.8 ± 0.17c 2.3 ± 0.25c 11.55 ± 0.07c

Root Cell wall 55.61 ± 0.66a 55.61 ± 0.66a 55.66 ± 0.75a 56.39 ± 0.54a 55.9 ± 0.71a 61.42 ± 0.45a

Organelle 36.14 ± 0.66b 36.14 ± 0.66b 36.11 ± 1.09b 31.16 ± 0.26b 35.86 ± 0.91b 27.36 ± 0.35b

Soluble fraction 8.25 ± 0.13c 8.25 ± 0.13c 8.23 ± 0.54c 12.46 ± 0.5c 8.24 ± 0.59c 11.22 ± 0.12c

Note: Mean ± standard deviation (replicates = 3). Values within columns followed by different letters are significantly different at
p < 0.01.

Table 3: THREE-WAYanalysis of variance table (3 types of tissues × 3 subcellular fractions × 6 harvesting
times)

Dependent variable: Cd proportion

Source Type III sum of squares df Mean square F Sig.

Corrected model 65167.470a 53 1229.575 2773.539 <0.001

Intercept 179999.333 1 179999.333 406022.579 <0.001

tissues 6.05E-05 2 3.03E-05 0 1

subcellular fractions 62781.295 2 31390.648 70807.549 <0.001

harvesting times 2.53E-05 5 5.06E-06 0 1

tissues * subcellular fractions 574.579 4 143.645 324.018 <0.001

tissues * harvesting times 3.58E-05 10 3.58E-06 0 1

subcellular fractions * time 1363.016 10 136.302 307.454 <0.001

tissues * subcellular fractions * harvesting times 448.58 20 22.429 50.593 <0.001

Error 47.879 108 0.443

Total 245214.683 162

Corrected Total 65215.349 161

Note: R Squared = .999 (Adjusted R Squared = .999).
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In addition, compared to the proportion of Cd in the soluble fraction of each tissue type in the control
group of P. grandiflorum, the amounts increased significantly after 24 h and 10 d of Cd exposure (p < 0.01),
with the leaf soluble fraction increasing by 2.3- and 1.2-fold, respectively, the stem soluble fraction
increasing by 6.6- and 5.0-fold, respectively, and the root soluble fraction increasing 1.5- and 1.4-fold,
respectively. However, compared to the control, the proportion of Cd in the organelle fraction decreased
in both the Cd 24 h and Cd 10 d treatments in roots, stems and leaves of P. grandiflorum (Table 2).

3.3 Chemical Forms
The proportions and concentrations of each of the six chemical forms of Cd in the root, stem, and leaf

tissues of P. grandiflorum at different exposure times is shown in Fig. 2, Table S2 and Table 4. The results of
the THREE-WAYanalysis of variance (3 types of tissues × 6 chemical forms × 6 harvesting times) indicated
a significant effect of chemical form on the proportion of Cd (p < 0.01), while the effect of tissue type and
harvesting time on the proportion of Cd was not significant. The interaction effects between tissue type and
chemical form, harvesting time and chemical form, tissue type, chemical form, and harvesting time had a
significant effect on the proportion of Cd (p < 0.01) (Table 5).

Figure 2: Chemical forms of Cd in root, stem, and leaf tissues of P. grandiflorum at different exposure times.
The forms of Cd other than FR, FHCl and FHAc were found in negligle amounts. This is why they are not
displayed in the figure
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Table 4: Proportion of Cd present in different chemical forms in leaf, stem, and root tissues of P. grandiflorum
at different sampling times after treatment initiation

Tissues Chemical forms Proportion (%)

Cd 0 h-CK Cd 0 h Cd 24 h-CK Cd 24 h Cd 10 d-CK Cd 10 d

Leaf 80% ethanol – – – – – –

d-H2O – – – – – –

1M NaCl – – – 0.76 ± 0.02d – 0.46 ± 0.02d

2% HAc 6.67 ± 0.06c 6.67 ± 0.06c 6.66 ± 0.59c 11.43 ± 0.37c 6.67 ± 0.52c 9.49 ± 0.21c

0.6 M HCl 12.76 ± 0.18b 12.76 ± 0.18b 12.68 ± 0.19b 30.8 ± 0.44b 12.64 ± 0.12b 27.04 ± 0.24b

Residual 80.57 ± 0.14a 80.57 ± 0.14a 80.67 ± 0.42a 57.00 ± 0.61a 80.69 ± 0.46a 63.01 ± 0.31a

Stem 80% ethanol – – – – – 0.03 ± 0.01e

d-H2O – – – – – 0.16 ± 0.01e

1M NaCl 0.5 ± 0.05d 0.5 ± 0.05d 0.49 ± 0.03d 0.60 ± 0.03d 0.5 ± 0.05d 1.84 ± 0.05d

2% HAc 11.32 ± 0.16c 11.32 ± 0.16c 11.28 ± 0.17c 8.92 ± 0.44c 11.15 ± 0.19c 8.81 ± 0.11c

0.6 M HCl 28.71 ± 0.29b 28.71 ± 0.29b 28.62 ± 0.65b 28.85 ± 0.6b 28.35 ± 0.74b 25.86 ± 0.4b

Residual 59.47 ± 0.47a 59.47 ± 0.47a 59.62 ± 0.78a 61.63 ± 1.03a 60.01 ± 0.98a 63.3 ± 0.52a

Root 80% ethanol – – – – – 0.13 ± 0.01e

d-H2O – – – – – 0.13 ± 0.03e

1M NaCl 1.37 ± 0.03d 1.36 ± 0.03d 1.32 ± 0.1d 0.52 ± 0.02d 1.39 ± 0.08d 1.65 ± 0.02d

2% HAc 7.39 ± 0.05c 7.39 ± 0.05c 7.41 ± 0.37c 7.98 ± 0.14c 7.41 ± 0.24c 9.83 ± 0.13c

0.6 M HCl 12.07 ± 0.29b 12.07 ± 0.29b 12.13 ± 0.07b 27.64 ± 0.6b 11.93 ± 0.22b 37.16 ± 0.42b

Residual 79.18 ± 0.22a 79.18 ± 0.22a 79.14 ± 0.3a 63.86 ± 0.75a 79.27 ± 0.34a 51.12 ± 0.3a

Note: Mean ± standard deviation (replicates = 3). Values within columns followed by different letters are significantly different at
p < 0.05. “-” indicates no detection, detection limit 0.001 mg kg−1.

Table 5: THREE-WAYanalysis of variance table (3 types of tissues × 6 chemical forms × 6 harvesting times)

Dependent variable: Cd proportion

Source Type III sum of squares df Mean square F Sig.

Corrected model 159938.533a 71 2252.655 11528.267 <0.01

Intercept 59619.646 1 59619.646 305111.56 <0.01

tissues 0.552 2 0.276 1.412 0.247

chemical forms 139831.311 5 27966.262 143121.109 <0.01

harvesting times 0.201 5 0.04 0.205 0.96

tissues * chemical forms 3051.605 8 381.451 1952.125 <0.01

tissues * harvesting times 0.085 10 0.009 0.044 1

chemical forms * harvesting times 3774.469 15 251.631 1287.757 <0.01

tissues * chemical * harvesting times 3137.16 26 120.66 617.494 <0.01

Error 28.138 144 0.195

Total 294966.671 216

Corrected Total 159966.671 215
Note: R Squared = 1.000 (Adjusted R Squared = 1.000).
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In P. grandiflorum, the proportion of pectate and protein-integrated Cd (FNaCl) showed a decreasing and
then increasing trend with increasing Cd exposure time. The proportion of insoluble Cd phosphate (FHAc), on
the other hand, showed an increasing and then decreasing trend. The proportion of Cd oxalate (FHCl)
increased with increasing duration of Cd exposure and was significantly higher than that of the control
group (p < 0.01). The proportion of the residual Cd (FR) decreased with increasing time of Cd exposure
and was significantly lower than that of the control group (p < 0.01). At each harvest time, the residual
Cd was significantly higher than the other chemical forms, accounting for 51.12%–80.69% of the total
extraction of the six forms of Cd, followed by Cd oxalate (12.07%–37.16%) and insoluble Cd phosphate
(6.66%–11.43%), while the other forms accounted for a negligible proportion of Cd (Table 4).

In the leaves of the P. grandiflorum, mainly the residual Cd was present, followed by Cd oxalate,
insoluble Cd phosphate and pectate and protein-integrated Cd, while inorganic Cd (FE) and water-soluble
Cd (FW) were not detected. In the stems of the P. grandiflorum, the proportions of different chemical
forms of Cd were, in order, the residual Cd > Cd oxalate > insoluble Cd phosphate > pectate and protein-
integrated Cd > water-soluble Cd > inorganic Cd. The proportions of water-soluble Cd, inorganic Cd and
pectate and protein-integrated Cd were not statistically different, and the proportions of the residual Cd,
Cd oxalate and insoluble Cd phosphate were statistically different (p < 0.01). The proportions of different
chemical forms of Cd were in the same order in the roots of the P. grandiflorum as in the stems.
However, only the proportions of the residual Cd and Cd oxalate were statistically different (p < 0.01),
while the proportions of other chemical forms were not statistically different. Inorganic and water-soluble
Cd were only detected in the stems and roots. The proportion of pectate and protein-integrated Cd was
significantly higher in P. grandiflorum roots than in stems and leaves (p < 0.01). The proportions of
insoluble Cd phosphate and Cd oxalate were significantly higher in the stems than in the leaves and roots
of P. grandiflorum, while the proportions of residual Cd were significantly lower than in the leaves and
roots (p < 0.01).

In addition, in leaf tissue, the proportions of Cd oxalate and insoluble Cd phosphate were significantly
higher in the Cd 24 h and Cd 10 d groups than in the Cd 24 h-CK and Cd 10 d-CK groups, with proportions
increasing by 2.4 and 2.1-fold, and 1.7 and 1.4-fold, respectively. In the root tissue, the proportion of Cd
oxalate was higher in the Cd 24 h and Cd 10 d groups than in the control group, with their proportions
increasing by 2.3 and 3.1-fold, respectively. The proportion of pectin- and protein-bound Cd in stems and
insoluble Cd phosphate and Cd oxalate in roots increased with increasing Cd exposure time (Table 4).

4 Discussion

4.1 Cd Accumulation in P. grandiflorum
The Cd contents of P. grandiflorum root tissues were higher than those in either the stem or leaf

tissues, and they accounted for 60.89%–61.64% of the total Cd content of the entire plant. In addition,
the Cd contents of the root tissues increased by up to 50.8-fold after the heavy metal stress treatment,
and this increase was higher than that occurring in either stem or leaf tissues. These results imply that
Cd preferentially accumulates in the roots of P. grandiflorum, and only small amounts are transferred to
the stems and leaves. Roots are in direct contact with contaminated substrates and are the primary site
for the uptake and accumulation of heavy metals in most plants [38], and a similar trend has been
observed in plants such as Phragmites australis [39], K. paniculate [33], and Triarrhena sacchariflora
(T. sacchariflora) [40]. Some plants accumulate large amounts Cd in the roots, thus reducing Cd
toxicity in other sites. Dong et al. [41] showed that Canna indica L. tolerates Cd toxicity by
sequestering Cd in root tissues; after exposure to Cd2+ for 45 d, the highest Cd concentration was
observed in the root tissue, and this amount was 17- to 47-fold higher than that in the leaves, and 8-to
20-fold higher than that in the stem tissue. In addition, Huang et al. [8] reported that Cd complexing
with root cell walls might contribute to Cd tolerance in M. alba L., as 53.27%–70.17% of accumulated
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Cd was found to be stored in the roots. These studies show that roots are an effective barrier to the transfer
of Cd to the aboveground plant body parts [42], and reducing the impact of such heavy metals on the stems
and leaves, which is a protective mechanism against heavy metal stress [43]. The results obtained here are
thus in agreement with those of previous studies that the immobilization of large amounts of Cd in the roots
of P. grandiflorum may be an important tolerance mechanism of this plant.

4.2 Subcellular Distribution
Once Cd enters a plant, it is selectively partitioned into subcellular components and bound to specific

substances within the plant cells. Compartmentalization of toxic ions in different subcellular fractions is
an important strategy used by plants to reduce toxicity [44]. Available studies have shown that plants
generally store Cd through cell wall deposition and vacuole sequestration [29,36,45]. The experimental
results obtained in this study revealed that Cd was mainly accumulated in the cell wall parts of the leaf,
stem, and root tissues of P. grandiflorum (50.96%–61.42%; Fig. 1 and Table 2) and that Cd was mainly
retained in the root cell walls. The cell wall is the first barrier protecting against heavy metal invasion
into the cell and protects the protoplasm from heavy metal toxicity [46]. Heavy metal ions in the cell wall
are usually in a bound state and are less toxic than those in the free state in the cytoplasm and organelles
[47]. Similarly, Cd in Amaranthus hypochondriacus L. roots was found to be mainly distributed in the
cell walls [48], and most of the Cd in K. paniculate was distributed in the cell wall fraction (45%–77%)
[33]. Furthermore, in low- and high-Cd-accumulating wheat under Cd exposure, the subcellular
distribution of Cd was primarily found in the cell wall [49], and the Cd content of subcellular
components in the roots, stems, leaves, and fruits of three pepper varieties under different Cd treatments
was reported to be the highest in cell walls [50]. The extent of heavy metal adsorption largely depends on
the composition of the cell wall, in which polysaccharides (including cellulose, hemicellulose, and pectin)
and proteins are the major components that provide many functional groups (such as carboxyl, hydroxyl,
amino, and aldehyde groups), which allow metal cations to bind naturally to the plant [51–53]. These
ligands can be involved in various reactions, including ion exchange, uptake, complexation, precipitation,
and crystallization [54,55]. Therefore, immobilization of heavy metals in the cell wall can reduce the risk
of heavy metal ions entering the protoplasts and can mitigate the effects of heavy metal stress on normal
plant physiological activities to a certain extent, thus detoxifying plant tissues [56]. As mentioned earlier,
most of the Cd was found to be distributed in the cell wall in this study, and this is likely to be one of the
Cd-detoxification strategies of P. grandiflorum.

In addition to the cell wall, numerous studies have reported that vacuoles are important storage sites
for heavy metals. Vacuoles can chelate and separate metal ions through the various metal ligands they
contain (such as proteins, organic acids, and bases), reducing toxicity and protecting cells [52]. In this
study, the proportion of Cd in soluble fractions (Fs) increased in the treated group compared to the
control group by 1.4-fold to 6.6-fold (Fig. 1). The soluble fraction consists mainly of vacuoles,
comprising up to 90% of the total cellular volume [57], and it is thus speculated that most of the Cd in
P. grandiflorum enters the vacuoles after passing through the cell wall. This has been shown to occur in
observations of Pistia stratiotes [58], and this strategy might further decrease the amount of Cd
interfering with organelles. Previous reports have shown that the largest proportions of Cd in Agrocybe
Aegerita [59], Phytolacca americana L. [45], and Sesuvium portulacastrum [4] were accumulated in
the soluble fraction, and such results suggest that vacuoles are important Cd storage sites in these
species. Similarly, in K. paniculata [33], Coptis chinensis Franch. [9], and Solanum nigrum [36], most
of the Cd absorbed was found to be initially distributed in the cell wall fraction, but it later appeared to
be distributed in the soluble fraction, which again suggests that vacuoles play an important role in
alleviating Cd toxicity. It has been reported that there is a threshold for the barrier effect of cell walls
on heavy metals and that heavy metals are transported to vacuoles when the amounts of heavy metals
stored in the cell wall reaches saturation [60,61]. Therefore, it is speculated that Cd entering P.
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grandiflorum cells may first bind to the cell wall, and then if abundant Cd enters the cell under heavy metal
stress, the vacuoles preferentially sequester the excess Cd, thus reducing its toxicity to the cell. The
synergistic effect of cell wall deposition and vacuole sequestration may thus be an important
mechanism for P. grandiflorum resisting Cd toxicity.

4.3 Chemical Forms
Heavy metals are absorbed by the roots and transported through the plant body to different organs and

tissues in different chemical forms, especially those which render them unavailable to limit their movement
within plant tissues, thereby reducing their toxicity [41]. Heavy metals generally have multiple chemical
forms that differ in their ecological effectiveness and toxicity [54]. In this study, Cd in P. grandiflorum
was mainly present in the extraction residues and as Cd oxalate and insoluble Cd phosphate, each
accounting for 51.12%–80.69%, 12.07%–30.8%, and 6.66%–11.43% of the total extractable Cd,
respectively, which indicates that Cd in P. grandiflorum is mainly present in low-mobility and low-
toxicity forms. In addition, the percentage of HCl- and Hac-extracted Cd increased after Cd stress; this
implies that P. grandiflorum may combine Cd into the less bioavailable Cd oxalate and insoluble Cd
phosphate, which reduces the amount of free Cd entering the cytoplasm. Similar results have also been
found in other plants. In the leaves and stem of M. alba L., most of the Cd absorbed was extracted by
2% HAc and 0.6 M HCl [8]. Similarly, in barley roots, the Cd forms extracted by 2% HAc and 0.6 M
HCl were predominant, and they represented 36% and 33% of the total Cd content, respectively [62]. It is
therefore inferred that higher proportions of Cd present in the low-mobility and low-toxicity forms in
P. grandiflorum are responsible for its adaptation to Cd-enriched soils.

The results obtained in this study showed that exposure to Cd increased the proportion of Cd extracted
by 0.6 M HCl in the root and leaf tissues, and a maximum 3-fold increase was seen compared to control
plants. This suggests that the detoxification reaction of P. grandiflorum may involve binding Cd to
oxalate to produce insoluble Cd complexes. Oxalic acid is an organic acid, and the chelation of organic
acids with heavy metals is also an important heavy metal-detoxification mechanism in plants [63]. A
previous study consistently found that when the organic acid concentrations increased, there was a
significant statistical correlation between the organic acid levels and the heavy metal concentrations in
plants (p < 0.001), and this was presumed to occur because they assist in chelating heavy metals in plants
[64]. Organic acids can chelate heavy metal cations through their carboxyl groups (-COOH) to form a
complex, which reduces the damage caused by heavy metals to plants [65]. Oxalate is a strong
dicarboxylic acid anion and a good complexing agent for the binding of heavy metal cations [66,67].
Consistently, in the Cd-tolerant Lycopersicon esculentum variety ‘Micro-Tom’, Cd-induced oxalate was
secreted in high concentrations in the root apex, where most of the Cd was also accumulated [68]. Xin
et al. [40] found that Cd mainly exists in oxalate complexes, where it exhibits low activity; this limits
symplastic transport and suppresses toxicity in T. sacchariflora seedlings. Similarly, Funneliformis
mosseae was found to promote the conversion of inorganic and water-soluble forms of Cd to Cd-oxalate
in Sphagneticola calendulacea shoots to improve their Cd tolerance [69]. It is thus considered that in P.
grandiflorum, Cd2+ is chelated with oxalic acid to increase plant tolerance to Cd. Moreover, it has been
shown that the acidic environment of the vacuole provides a favorable environment for the formation of
metalorganic acid complexes [70].

Cd occurs in multiple chemical forms, and as shown in this study, different extraction solvents only
extract their corresponding Cd chemical forms. The toxicity of different Cd chemicals differs; therefore,
the total Cd content in plants does not accurately reflect its toxicity [9]. During production, Chinese
medicinal materials are generally extracted by ethanol or water and the residue is then discarded; ethanol
is a common extraction solvent used in factories and water is a solvent commonly used to decoct
medicine. In P. grandiflorum, inorganic Cd forms (extracted with 80% ethanol) and water-soluble forms
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(extracted with d-H2O) were not detected. It is of note that the amount of Cd transferred to the human body is
not the total amount of Cd that existed in the Chinese medicinal materials, but it is the amount that was
dissolved in the extraction reagents. Therefore, heavy metal limits in Chinese traditional medicines should
be based on their chemical form, valence, and other such factors that are associated with their actual
toxicity, so that reasonable scientific standard limits can be set for the amounts of heavy metals contained
in Chinese traditional medicines. However, for vegetables, the amount and type of Cd contained in the
vegetable parts consumed by people are representative of the toxicity of the heavy metal element. As P.
grandiflorum is a plant used for both medicinal and food purposes, corresponding heavy metal limit
standards should be set according to the plant’s use and the specific valence and chemical form of the
metal involved. In this respect, heavy metal allowances should vary according to the different uses of
each medicinal and vegetable plant species, particularly for medicine food homology plants.

5 Conclusions

The subcellular distribution and chemical forms of Cd present in the leaf, stem, and root tissues of
P. grandiflorum was characterized using ICP-MS. The results provide evidence that enriches the
understanding of Cd transport, accumulation, and detoxification in P. grandiflorum. The data suggest that
root retention mechanisms, cell wall deposition, vacuole sequestration, and the formation of hypomobile
and hypotoxic chemical forms are important Cd-detoxifying strategies in plants such as P. grandiflorum,
which accumulate Cd in excess. Future studies should focus on studying the dynamic uptake of Cd and
associated Cd transporters. The results of this study also provide a theoretical foundation for assessing the
Cd status in other medicine food homology plant species, and they provide a solid theoretical foundation
for establishing appropriate Cd concentration standard limits for medicine and food homology plants.
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