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Abstract: Rapidly increasing cadmium (Cd) pollution led
to the increase in contamination in farmland. The study
explained the Cd resistance mechanisms of Plantago
asiatica L. via physiological, metabolomic, and transcrip-
tomic analyses. The results showed that as soil Cd level
increased, proline content declined and then increased
significantly. In contrast to the H2O2 content change trend,
contents of soluble protein and malondialdehyde (MDA)
first decreased, then increased, and finally, declined. Leaf
Cd concentration was positively related to soluble protein
content and negatively to both MDA content and activities
of superoxide dismutase (SOD) and catalase (CAT). Most of
the top 50 differential metabolites belonged to organic
acids and sugars. Besides combining metabolome and
transcriptome data, in the metabolic network involving
the target metabolic pathways (e.g., ascorbate and alda-
rate metabolism, glutathione metabolism, galactose meta-
bolism, and glyoxylate and dicarboxylate metabolism),
dehydroascorbate (DHA), regulated by L-ascorbate per-
oxidase (APX) and L-gulonolactone oxidase (GULO),
was significantly up-regulated. This illuminated that,

in P. asiatica, CAT and SOD played vital roles in Cd
resistance, and soluble protein and MDA acted as the
main indexes to characterize Cd damage. It also sug-
gested that DHA functioned effectively in Cd resistance,
and the function was regulated by APX and GULO.

Keywords: Cd stress, differential metabolites, differen-
tially expressed genes, physiologies, Plantago asiatica L.

1 Introduction

Plantago asiatica, a common medicinal and edible plant,
is native to China, Japan, and Korea [1]. P. asiatica con-
tains many natural active ingredients (e.g., plantamajo-
side, flavonoids, tannins, iridoids, and sterols) and has
been widely used as traditional medicine and dietary
health supplement for more than 2,000 years in Eastern
Asia [2]. Due to abundant resources and low price, it
has been widely used in the treatment of many diseases
(e.g., infectious diseases, skin diseases, and problems
concerning the digestive organs, respiratory organs,
reproduction, and the circulation for the various phar-
macological effects; e.g., wound healing, antidiarrheal,
and anti-inflammatory) [3]. Several researches on the
chemical constituents and physiological activities of
P. asiatica have laid down the theoretical foundations
for the development of P. asiatica safety research [4–6].

The safe use of traditional plant medicine has
attracted a lot of attention [7], when heavy metals (espe-
cially cadmium [Cd]) exceed the standard in commercially
available medicinal materials [8–10]. Cd has the charac-
teristics of high bioaccumulation, strong bioavailability,
and high biotoxicity, and it easily migrates from soil to
plants [11–13]. Eventually, Cd seriously threatens people’s
health through food chains [14]. Hence, much attention
has been put to potential soil Cd contamination during
the cultivation of medicinal plants [15,16].
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P. asiatica possesses the characteristic of fast growth
and large biomass [3]. It has the ability to absorb and
accumulate heavy metals and, thus, has soil remediation
potential [17]. Heavy metals (e.g., Cd, Pb, and Cu) could
accumulate in P. asiatica, destroy the membrane system,
and inhibit leaf growth [17,18]. Because of the medicinal
and edible value of P. asiatica and the toxic effects of Cd,
it is of great importance to study the molecular mechan-
isms of heavy metal resistance of P. asiatica. In this
study, taking P. asiatica under different levels of Cd stress
as the sample, physiological, metabolomic, and tran-
scriptomic analyses were conducted in a pot experiment.
The main queries to be addressed are: (1) what are the
main changes of P. asiatica in response to Cd at the meta-
bolomic level? (2) what are the molecular mechanisms of
P. asiatica Cd resistance based on transcriptomics and
metabolomics? The study will help to understand how
P. asiatica resists to Cd physiologically, metabolically,
and transcriptionally.

2 Materials and methods

2.1 Plant materials

Topsoil (0–20 cm) was collected from Shennong garden
of Jiangxi University of Chinese Medicine (JXUCM) in
Nanchang City, Jinagxi Province, China, and sieved to
remove stones. The soil properties were as follows: total
N, 0.30 g/kg; total P, 0.28 g/kg; total K, 27.15 g/kg; avail-
able N, 0.01 g/kg; available P, 0.01 g/kg; available K,
0.08 g/kg; organic matter, 1.97 g/kg; pH, 4.6; total Cd,
0.92 mg/kg. The total Cd content in soil was lower than
1.0 mg/kg, which was the critical value of Cd ensuring the
normal growth of plants.

The chemical reagent Cd chloride hemi (pentahy-
drate) (CdCl2·2.5H2O) was added to the soil, obtaining 3,
10, 50, and 100mg/kg Cd-treated soil according to Liu
et al. [17] and Gong et al. [19]. The Cd-treated soil samples
were aged for 30 days prior to the experiment. The
treatments with different levels of Cd were named CK
(0 mg/kg), T1 (3 mg/kg), T2 (10 mg/kg), T3 (50 mg/kg),
and T4 (100 mg/kg).

P. asiatica seeds were selected from P. asiatica
experiment plots in Xingan County of Jiangxi Province,
China, and cultivated for about 5 months. It was identi-
fied as P. asiatica by Associate Prof. Xiaoyun Wang from
JXUCM. The healthy and disease-free seedlings with
uniform growth vigor were selected and transplanted
into a flower pot (16 cm × 17 cm) with 2 kg unpolluted

or Cd-treated soils, and each pot included one seedling.
Each treatment included three repetitions, and each
repetition included three seedlings. The plant leaves
were harvested after 15 days. Sections of plant samples
in all groups were dried at 65°C for 48 h to determine the
Cd concentration, and other sections of the samples in
CK and T3 were quickly frozen with liquid nitrogen and
stored at −80°C for further physiological, metabolomic,
and transcriptomic analyses.

2.2 Physiological analysis

The ninhydrin colorimetry was carried out to analyze the
proline content. A 0.05 g fresh leaf was mixed with 5 mL
of 3% sulfosalicylic acid in a centrifugal tube and extracted
in the boiling water bath for 10min. After cooling to room
temperature, the extracted solution was filtered and
diluted with distilled water to a volume of 25 mL. 2 mL
of diluent was mixed with glacial acetic acid (2 mL) and
acidic ninhydrin (2 mL) and then treated with a boiling
water bath for 30min. After cooling down, 4mL of toluene
was added, and they were shaken thoroughly until strati-
fied during standing, followed by isolation of the upper
layer to measure the absorbance at 520 nm with the
ultraviolet spectrophotometer (UV-8000, Metash, China).

The Coomassie brilliant blue G-250 was used to
detect the contents of soluble protein [20]. 0.05 g of
fresh leaf was homogenized with 2 mL of water and
then centrifuged at 4,000 rpm for 20 min. 0.1 mL of
supernatants and 5 mL of G-250 reagent were mixed
well and stood for 10 min, followed by isolation of the
supernatant to measure the absorbance at 595 nm using
the ultraviolet spectrophotometer.

Contents of malondialdehyde (MDA) and H2O2 were
determined by assay kits (Suzhou Keming, China). 0.10 g
of fresh leaf sample and 1mL of solution (1:10, v/v) were
homogenized in an ice bath and centrifuged at 4°C for
10 min. According to the instructions of the manufac-
turer, supernatant absorbances were detected at 532 and
600 nm to assess the MDA content and at 415 nm to assess
the H2O2 content.

2.3 Extraction, derivation, and analysis of
metabolites

Metabolite profiling analysis was conducted by gas chro-
matography-mass spectrometry (GC-MS; 7890A, Agilent,
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USA) as described in the unpublished work. A total of
50mg of fresh leaf samples were put into a 2.0 mL EP
tube with 500 μL of methanol-chloroform (3/1, v/v) and
10.0 μL of ribitol and given a vortex for 30 s. After ground
at 45.0 Hz for 4min and underwent ultrasound exposure
for 5 min in ice water bath, the mixture was centrifuged at
1,200 rpm for 15 min. A total of 300 μL of the supernatant
were collected independently into 1.5 mL EP tube and
dried in a vacuum concentrator (LNG-T98, Taicang City,
China), until the upper polar phase was thoroughly dried.
Then, methoximation, i.e. incubating the dried fraction at
80°C for 30min with 60 μL of 20 mg/mL methoxyamine
hydrochloride, and trimethylsilylation, i.e. incubating
the dried fraction at 70°C for 1.5 h with 70.0 μL BSTFA
(BSTFA:TMCS = 99:1, v/v), were sequentially performed.
Once cooled to room temperature, 5 μL of FAMEs (dis-
solved in chloroform) were added in the mixture for
further study.

The GC–MS analysis was conducted according to
Yuan et al. [21]. In brief, 1 μL of samples were injected
into a DB-5MS capillary column (30 m × 250 μm ×
0.25 μm) (Agilent JW Scientific, Folsom, CA, USA). Fol-
lowing a solvent delay of 1 min, the GC oven temperature
was adjusted to 50°C, and after injection for 1 min, the
temperature was raised from 50 to 310°C at 10°C/min
for 8 min. The temperature of ion source and front
injector were adjusted to 250 and 280°C, respectively.
Helium was used as the carrier gas at a constant rate
of 3.0 mL/min. Determination was achieved with a
mass range of 50–500m/z and an electron impact
at 70 eV.

The metabolite levels were detected by ChromaTOF
(version 4.3X, Leco Corporation, MI, USA) with LECO-
Fiehn Rtx5 database. The raw files were converted to
NetCDF format and then processed by ChromaTOF to
correct the baseline, search peaks, deconvolute spec-
trum, and align compounds of samples. Qualitative ana-
lysis of substances was performed by LECO-Fiehn Rtx5
database, including the matching of mass spectral and
retention time index. Briefly, the data with no definite
substance name or no spectrum comparison similarity
were removed, metabolites of more than 50% missing
in comparisons were removed, and metabolites of less
than 50% missing were underwent the missing value
imputation using the k-nearest neighbor algorithm. The
metabolites were expressed in the peak area and normal-
ized to the area of the internal standard (ribitol) for further
analysis. A total of 185 peaks of the original data were
retained.

2.4 Total RNA extraction and transcriptome
sequencing

Total RNA extraction and transcriptome sequencing were
conducted based on the unpublished work [22]. The total
RNA was extracted using RNAprep Pure Plant Plus Kit
(Tiangen Biotech, Beijing, China, DP441). RNA purity
check, RNA concentration measurement, and RNA integ-
rity assessment were performed using the Nano Photo-
meter® spectrophotometer (IMPLEN, CA, USA), Qubit®

RNA Assay Kit in Qubit® 2.0 Flurometer (Life Technolo-
gies, CA, USA), and RNA Nano 6000 Assay Kit of the
Agilent Bioanalyzer 2100 system (Agilent Technologies,
CA, USA), respectively.

A 3 µg RNA of each sample was used as input material
for the RNA sample preparations. Sequencing libraries
were constructed by NEBNext® Ultra™ RNA Library Prep
Kit for Illumina® (NEB, USA). Briefly, mRNA was purified
from total RNA using poly-T oligo-attached magnetic
beads. Fragmentation was performed using divalent
cations in NEBNext First-Strand Synthesis Reaction Buffer
(5×). First-strand cDNA was synthesized with random
hexamer primer and M-MuLV Reverse Transcriptase
(RNase H-). Second-strand cDNA synthesis was subse-
quently conducted by DNA Polymerase I and RNase H.
Remaining overhangs were converted into blunt ends
via exonuclease/polymerase activities. After adenylation
of DNA fragment 3′ ends, NEBNext Adaptor with hairpin
loop structure were ligated to prepare for hybridization.
The library fragments were purified with AMPure XP
system (Beckman Coulter, Beverly, USA) to select the
cDNA fragments of preferentially 150–200 bp in length.
Then, 3 µL of USER Enzyme (NEB, USA)was applied with
size-selected, adaptor-ligated cDNA at 37°C for 15min fol-
lowed by 5 min at 95°C before PCR. Then, PCR was con-
ducted with Phusion High-Fidelity DNA polymerase,
Universal PCR primers, and Index (X) Primer. Finally, PCR
products were purified with AMPure XP system and library
quality was assessed by the Agilent Bioanalyzer 2100 system.

The index-coded samples clustering was conducted
on a cBot Cluster Generation System by TruSeq PE Cluster
Kit v3-cBot-HS (Illumia). After cluster generation, the library
preparations were sequenced on an Illumina Nova seq6000
platform and paired-end reads were generated.

Raw data (raw reads) of fastq format were processed
through in-house perl scripts. Clean data (clean reads)
were obtained by removing reads containing adapter
or ploy-N and reads of low quality from raw data.
Simultaneously, Q20, Q30, GC content, and sequence
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duplication level of the clean data were calculated. All
the downstream analyses were carried out based on the
clean data of high quality.

2.5 Data analysis

First, analysis of variance [23] was performed to calculate
the differences in Cd concentration, contents of soluble
protein, MDA, proline, H2O2, and metabolites in different
groups using SPSS 18.0 (SPSS Inc., USA). Pearson correla-
tion analysis was carried out to estimate the relationships
between leaf Cd concentration and soil Cd concentration
and among Cd concentration, relative content of dehy-
droascorbate (DHA), contents of soluble protein, MDA,
proline, H2O2 and GSH, and activities of superoxide dis-
mutase (SOD), POD, and CAT in leaves. And the content of
GSH and activities of SOD, POD and catalase (CAT) were
showed in our unpublished work (Figure S2).

Second, the principal component analysis (PCA) was
utilized to reveal the overall distribution of samples in CK
and T3. The orthogonal partial least squares discrimina-
tion analysis (OPLS-DA) was conducted to assess differ-
ences of metabolite profiles in leaves between CK and T3.
The OPLS-DA model was validated by permutation tests
(200), and a Q2 value of above 0.5 and an R2 value of
above 0.7 denoted that the model was highly significant.
The variable importance in projection (VIP) values of
metabolites was obtained from the OPLS-DA model.
Metabolites with VIP of above 1.0 and p value of below
0.05 were selected as differential metabolites (DMs) [24],
playing larger roles in distinguishing leaves in CK and
T3. PCA and OPLS-DA analysis were performed using
SIMCA-P version 14.1 (Umetrics, Sweden). Top 50 DMs
were selected from the total DMs based on VIP values.
According to the kyoto encyclopedia of genes and gen-
omes (KEGG) pathway analysis of the top 50 DMs, target
metabolic pathways were selected with p < 0.05.

Third, transcriptome assembly was accomplished
using Trinity with min_kmer_cov set to 2 by default
and all other parameters set default [24]. Gene function
was annotated based on Nr (NCBI non-redundant pro-
tein sequences), Nt (NCBI non-redundant nucleotide
sequences), Pfam (Protein family), KOG/COG (Clusters
of Orthologous Groups of proteins), Swiss-Prot (Amanu-
ally annotated and reviewed protein sequence data-
base), KO (KEGG Ortholog database), and GO (Gene
Ontology). Gene expression levels were estimated by
RSEM for each sample [25]. Differentially expressed
genes (DEGs) between CK and T3 were selected using

the DESeq R package (1.10.1). DESeq provides statistical
routines for determining differential expression in digital
gene expression data using a model based on the nega-
tive binomial distribution. The resulting p values were
adjusted using the Benjamini and Hochberg’s approach
for controlling the false discovery rate. Genes with an
adjusted p < 0.05 and fold change (ratio of expression
between CK and T3) ≥2 or ≤0.5 were assigned as differ-
entially expressed. Top 50 and top 200 DEGs were
selected from the total DEGs based on the p-values.

Finally, KEGG pathway analysis was conducted with
DMs and DEGs using MetaboAnalyst 5.0 and KOBAS soft-
ware, respectively [21,26]. Spearman correlation between
the top 50 DEGs and top 50 DMs was calculated using the
psych package in R (V3.6.2) [27]. DEGs and DMs were
labeled on the KEGG pathway map: upregulation was
indicated in red, downregulation in green, and both
upregulation and downregulation in blue. Correlation
clustering heat map was drawn using the heatmap
package with hierarchical cluster. Based on top 50 DMs
and top 200 DEGs in KEGG pathway analysis, common
pathways of the two analysis results were screened in a
metabolic network.

3 Results

3.1 Physiological and biochemical
characteristics in Cd-treated P. asiatica

The Cd concentration in leaves increased significantly
with soil Cd level increasing (p < 0.05) (Figure 1). As
soil Cd level increased, proline content decreased and
then increased significantly (p < 0.05), contents of soluble
protein and MDA first decreased and then increased and
eventually decreased significantly (p < 0.05). Conver-
sely, H2O2 content increased, then declined, and finally,
increased significantly (p < 0.05) (Figure 2). Compared
to CK, contents of proline, MDA and H2O2 in T3 were
reduced 29, 68, and 6%, respectively, and contents of
soluble protein in T3 were increased by 0.85 times
(Figure 2).

With soil Cd level increasing, the SOD activity and
GSH content decreased, then increased, decreased, and
finally, increased; the CAT activity decreased, then
increased, and eventually declined; the POD activity
increased and then decreased significantly (Figure S1).
The activities of SOD and CAT and GSH content were
reduced by 69, 35 and 49%, respectively, in T3 (Figure S1).
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Besides, the Cd concentration was positively related to
soluble protein content and negatively to both MDA con-
tent and activities of SOD and CAT (p < 0.05), and MDA
content and activities of SOD and CAT showed positive
relationships to each other (p < 0.05) (Table 1).

3.2 Top 50 DMs and top 50 DEGs in
P. asiatica

Top 50 DMs were categorized into organic acids, sugars,
alcohols, amino acids, amines, and others, with organic

Figure 1: Enrichment characteristics of Cd in P. asiatica leaves with different levels of soil Cd stress; (a) stands for Cd concentration in
P. asiatica leaves with different levels of soil Cd stress; (b) stands for relationships of leaf Cd concentration and soil Cd concentration with
different levels of soil Cd stress. The data with different little letters showed significant difference; T0, T1, T2, T3, and T4 indicates samples
in control, 3 mg/kg Cd stressed, 10mg/kg Cd stressed, 50 mg/kg Cd stressed, and 100mg/kg Cd stressed group, respectively. The data
presented in mean ± SE (n = 3) (the same below).

Figure 2: Contents of proline, soluble protein, MDA, and H2O2 in P. asiatica leaves with different levels of soil Cd stress. All data presented in
mean ± SE (n = 3).
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acids and sugars accounting for the most (Table 2).
Among them, the DHA content in T3 was twice more
than that in CK (Table 2; Figure S2). According to the
top 50 DMs in KEGG analysis, ascorbate and aldarate
metabolism, glutathione metabolism, galactose metabo-
lism, and glyoxylate and dicarboxylate metabolism were
the target metabolic pathways with p < 0.05 (Table 3).

Top 50 DEGs were filtered based on the p-values, as
well as top 200 DEGs (Table S1). The spearman correla-
tion analysis between the top 50 DEGs and the top 50
DMs showed that most DMs and DEGs were closely
related (Figure 3; Table S2 ). Moreover, the target meta-
bolic pathways were included in the common pathways
(Figures S3–S6). In the network regulation diagram,
which was screened based on the target metabolic path-
ways, L-ascorbate peroxidase (APX)was downregulated,
L-gulonolactone oxidase (GULO) and DHA were upregu-
lated, and ascorbic acid (AsA) was not detected in the
study (Figure 4).

4 Discussion

4.1 Effect of Cd on physiological
characteristics of P. asiatica

Our study revealed that Cd stress enhanced Cd residue
and membrane lipid peroxidation and disrupted cellular
osmotic balance in P. asiatica leaves, and CAT and SOD
played vital roles in the Cd resistance of P. asiatica
leaves [28].

First, MDA content reflected the degree of membrane
lipid peroxidation. Soluble protein and proline were the

osmoregulators, which could reflect the stress degree of
heavy metals in plants [29,30]. Cd toxicity could enhance
Cd concentration and the production of reactive oxygen
species (ROS, e.g., H2O2), aggravate membrane lipid per-
oxidation, and disrupt osmotic balance, which resulted
in the significant change for contents of H2O2, MDA, pro-
line, and soluble protein [31,32], whereas antioxidant
enzymes (e.g., POD, SOD, and CAT) and GSH could
scavenging ROS induced by Cd stress in plant [29,30].
Hence, in this study, with soil Cd level increased, Cd
concentration of P. asiatica leaves increased. At the
same time, contents of H2O2, MDA, proline, and soluble
protein presented significant change, for example, H2O2

content in T2 and T4 was higher than that in CK, proline
content in T2 and T3 was lower than that in CK, soluble
protein content in T2, T3, and T4 was higher than that in
CK (Figure 2). The current results were inconsistent with
other findings, for instance, with Cd level increasing,
soluble protein content increased and then decreased
markedly, contents of proline and MDA increased signif-
icantly in Celosia cristata [33], contents of proline, MDA
and soluble protein decreased and then increased in
Quercus mongolica [34], and contents of MDA and H2O2

increased in highland barley (Hordeum vulgare) leaves
[35]. Because plant resistance abilities to Cd were affected
by Cd concentration, stress time, and plant species [36],
this might be caused by the differences of plant species
and Cd concentrations between our study and the other
studies.

Second, CAT, SOD, and soluble protein played
important roles in P. asiatica Cd resistance, such as
decreasing contents of MDA and H2O2. As discussed above,
MDA was a reflection of the degree of membrane lipid
peroxidation in plants. The higher the content, the
stronger the lipid peroxidation degree. Cd stress could

Table 1: Relationships among Cd concentration, contents of soluble protein (SP), MDA, proline (Pro), H2O2 and GSH, and activities of SOD,
POD, and CAT in P. asiatica leaves

r DHA SP MDA H2O2 SOD CAT POD GSH Pro Cd

DHA 1.00
SP 0.90* 1.00
MDA −0.94** 0.33 1.00
H2O2 −0.21 0.65** 0.21 1.00
SOD −0.90* −0.28 0.72** 0.02 1.00
CAT −0.98** 0.39 0.98** 0.24 0.69** 1.00
POD 0.90* 0.79** 0.24 0.47 −0.42 0.25 1.00
GSH −0.68 0.07 0.50 0.29 0.66** 0.47 −0.16 1.00
Pro −0.88* −0.38 0.14 0.12 0.61* 0.16 −0.73** 0.43 1.00
Cd 0.92** 0.56* −0.59* 0.41 −0.87** −0.53* 0.50 −0.37 −0.47 1.00

Correlation coefficient (r) was obtained by Pearson correlation analysis with bivariate. *0.1 < p < 0.05; **0.001 < p < 0.01.
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Figure 3: Correlation clustering heat map of top 50 DEGs and top 50 DMs in P. asiatica leaves with different levels of soil Cd stress. DMs,
differential metabolites.

Figure 4: Metabolic network involving target metabolic pathways in P. asiatica leaves with different levels of soil Cd stress. α-GAL,
α-galactosidase (the same below).
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lead to ROS (e.g., −O2, OH
−, H2O2) enrichment and oxida-

tive damage in the plant cell. On the one hand, SOD
mainly catalyzed −O2 to produce O2 and H2O2 and CAT
and POD catalyzed the decomposition of H2O2 to gen-
erate O2 and H2O. On the other hand, CAT and SOD
belonged to metalloenzymes [37,38]. With soil Cd level
increasing, leaf Cd concentration increased (Figure 1),
CAT activity showed the same change trend with MDA
content and an opposite trend of H2O2 content. Cd con-
centration showed significant correlations with MDA
content and activities of SOD and CAT in leaf (Table 1).
Hence, in this study, CAT might be the main catalytic
enzymes in the decomposition of H2O2, and soluble pro-
tein played important roles in regulating intracellular
osmotic potential caused by Cd stress [39]. With low
Cd stress, under comprehensive function of antioxidant
enzymes and GSH, MDA content decreased and soluble
protein content increased, and H2O2 content decreased
with high Cd stress to maintain the Cd resistance of
P. asiatica [40,41]. When soil Cd level increased, metal
ions of metalloenzymes (CAT and SOD) might be replaced
by Cd resulting in the decline in CAT and SOD activities
[38]. However, coupled with the function of POD, they also
could scavenge active oxygen free radicals leading to the
decline in MDA content (Figure 2) [42].

4.2 Organic acids (especially DHA) and
sugars played vital roles in P. asiatica
Cd resistance

This study showed clearly that organic acids (especially
DHA) and sugars played important roles in Cd resistance
in P. asiatica (Table 2). Heavy metal stress could affect
contents of metabolites, such as organic acids and sugars
(Table 2) [43–46]. Organic acids belonged to a class
of compoundswith carboxyl groups (excluding amino acids),
most of which could chelate metal ions, and enhance plant
resistance to heavy metals [43,44]. Sugars could provide suf-
ficient energy for plants to resist heavy metal damage, and
sugars were closely related to the water absorbing ability of
cell, which could affect plant adaptability to Cd stress [45].
Therefore, in this study, most of the top 50 DMs belonged to
organic acids and sugars (Table 2). Consistent with the results
of our study, Zhang [46] found that most of the DMs between
the control group and the Cd-stressed group were organic
acids and sugars, which played important roles in heavy
metal resistance of rice [47].

The DHA played an important role in plant resistance
to abiotic stress [48] and generated from the oxidation of

AsA [49], which was an important redox buffer and could
remove H2O2 and interact directly with −O2 and OH− [48].
DHA coupled with oxidated AsA regulated the redox state
of cells [50]. Hence, in this study, among the top 50 DMs,
the relative content of DHA in P. asiatica leaves showed a
large change in T3, which was twice more than that in CK
(Table 2; Figure S2). Besides, the DHA content was posi-
tively related to Cd concentration, soluble protein con-
tent, and POD activity and negatively to MDA content and
activities of SOD and CAT in leaves (Table 1). Cd toxicity
enhanced the production of ROS, which damaged the cell
membrane and promoted the production of MDA (Figure
2) [51]. AsA and antioxidase (e.g., SOD, CAT, and POD)
worked together to convert H2O2 to H2O, accompanied by
the production of DHA (Table 2) [52]. In addition, soluble
protein would balance the intracellular and extracellular
osmotic pressure induced by Cd stress [53] (Figure 2).

4.3 GULO and APX played vital roles in
P. asiatica Cd resistance

This study proved that GULO and APX played major roles
in P. asiatica Cd resistance by regulating the production
of DHA. First, ascorbate and aldarate metabolism, glu-
tathione metabolism, galactose metabolism, and glyoxy-
late and dicarboxylate metabolismwere the targetedmeta-
bolism pathways in P. asiatica under Cd stress (Table 3).
Galactose metabolism provided energy and raw materials,
e.g., D-galactose and myo-inositol, for metabolic pathways
including ascorbate and aldarate metabolism, glutathione
metabolism, and glyoxylate and dicarboxylate metabolism
(Figure 4) [54]. As reported above, the intermediate meta-
bolites (including AsA and GSH) of these metabolisms
acted as important regulators of plant abilities of resis-
tance to Cd [55–57]. Differing from our study, Wang et al.
[54] found that the targeted metabolisms of Zea mays
under Cd stress included tricarboxylic acid cycle meta-
bolism, and shikimic acid metabolism. Tan et al. [56]
revealed that under long-time Cd stress, the differential
metabolic pathways of Brassica juncea included biosynth-
esis of amino acids, linoleic acid metabolism, aminoacyl-
tRNA biosynthesis, etc. These studies have shown that
different plants showed different Cd-tolerant abilities and
lead to the different accumulation levels of metabolites
(e.g., organic acids, amino acids, and sugars) and different
targeted metabolic pathways [58].

According to KEGG analysis (Figure 3), the network
regulation diagram was obtained involving the targeted
metabolism pathways (Figure 4 and Figures S3–S6). In
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the diagram, the relative content of DHA was regulated
by APX and GULO. L-Gulono-1,4-lactone and GULO were
upregulated, and APX was downregulated, while DHA
was upregulated and AsA exceeded the minimum detec-
tion limit and was not detected (Figure 4; Table 2). Such
observations were consistent with Jung et al. [59], and
they revealed that Cd stress decreased the AsA content
and increased the DHA content. In this study, APX
reduced H2O2 to H2O with AsA as the electron donor
[49], leading to no significant change in the H2O2 con-
tent between the Cd-stressed group (T3) and the non-Cd-
stressed group (CK) (Figure 2). This might be associated
with non-observation of AsA in the present study with
the GULO upregulation (Figure 4). Besides AsA was one
of the antioxidant or redox metabolites in the non-enzy-
matic antioxidant scavenging pathway and essential for
many enzymatic reactions under Cd stress [49,60–62],
antioxidant enzymes (e.g., SOD, CAT, and POD) and non-
enzymatic antioxidant (GSH) played comprehensive roles
in the Cd resistance, So, in this study, antioxidant enzymes
(e.g., SOD, CAT, and POD) and non-enzymatic antioxidant
(GSH) changed significantly in T3 in comparison with CK,
GSH content and activities of SOD and CAT decreased
significantly, and POD activity increased significantly in
T3 compared to CK (Figure S1).

5 Conclusion

Our study comprehensively revealed Cd resistance
mechanisms in P. asiatica based on the physiological,
metabolic, and transcriptomic analyses. First, as soil Cd
level increased, Cd concentration increased significantly,
proline content decreased and then increased signifi-
cantly, and change trends of soluble protein and MDA
contents were contrary to H2O2 content, which first
increased, then declined, and finally increased (p < 0.05)
in P. asiatica leaves. Leaf Cd concentration was positively
related to soluble protein content and negatively to MDA
content and activities of SOD and CAT (p < 0.05), and MDA
content and activities of SOD and CAT showed positive
correlations with each other (p < 0.05). This illuminated
that CAT and SOD played important roles in Cd resistance
in P. asiatica, and soluble protein and MDA functioned
effectively in characterizing Cd damage. Second, most
of the top 50 DMs were organic acids (especially DHA)
and sugars. DHA content in T3 was more than twice than
it in CK. Considering the important role of DHA in plant-
resistant ability, this suggested that DHA might be the
important substances to deal with Cd stress in P. asiatica.

Third, ascorbate and aldarate metabolism, glutathione
metabolism, galactose metabolism, and glyoxylate and
dicarboxylate metabolism were the main differential meta-
bolic pathways in P. asiatica. In the metabolic network,
L-gulono-1,4-lactone, GULO, and DHA were upregulated,
but APX was downregulated. DHA relative content was
regulated by APX and GULO, so was AsA relative content.
This suggested that AsA might function effectively in Cd
resistance like DHA, and the functions were regulated by
APX and GULO.
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