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Integrated transcriptome

and metabolomics analyses
revealed key functional genes
in Canna indica under Cr stress

Sixi Zhu'*, Wei Zhao?, Luying Sheng?, Xiugin Yang?, Huan Mao?, Suxia Sun' &
Zhongbing Chen?

Chromium (Cr) can interfere with plant gene expression, change the content of metabolites and
affect plant growth. However, the molecular response mechanism of wetland plants at different

time sequences under Cr stress has yet to be fully understood. In this study, Canna indica was
exposed to 100 mg/kg Cr-contaminated soil for 0, 7, 14, and 21 days and analyzed using untargeted
metabolomics (LC-MS) and transcriptomics. The results showed that Cr stress increased the activities
of superoxide dismutase (SOD), ascorbate peroxidase (APX) and peroxidase (POD), the contents

of glutathione (GSH), malondialdehyde (MDA), and oxygen free radical (ROS), and inhibited the
biosynthesis of photosynthetic pigments, thus leading to changes in plant growth and biomass.
Metabonomics analysis showed that Cr stress mainly affected 12 metabolic pathways, involving

38 differentially expressed metabolites, including amino acids, phenylpropane, and flavonoids. By
transcriptome analysis, a total of 16,247 differentially expressed genes (DEGs, 7710 up-regulated
genes, and 8537 down-regulated genes) were identified, among which, at the early stage of stress
(Cr contaminate seven days), C. indica responds to Cr toxicity mainly through galactose, starch and
sucrose metabolism. With the extension of stress time, plant hormone signal transduction and MAPK
signaling pathway in C. indica in the Cr14 (Cr contaminate 14 days) treatment group were significantly
affected. Finally, in the late stage of stress (Cr21), C. indica co-defuses Cr toxicity by activating its
Glutathione metabolism and Phenylpropanoid biosynthesis. In conclusion, this study revealed

the molecular response mechanism of C. indica to Cr stress at different times through multi-omics
methods.
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Heavy metal pollution has become a global environmental problem'. In recent years, due to the influence of
human activities, Cr has been widely distributed in soil and water”. Among them, industrial activities (such as
electroplating, smelting, and mining) and agricultural activities (such as pesticide use and fertilizer application)
are the primary sources of Cr pollution®. In nature, Cr exists in trivalent (Cr**) and hexavalent (Cr®") forms, with
Cr® having good mobility and toxicity*. Although Cr is a non-essential element in plants, it can still accumu-
late in large amounts in plant roots and aboveground parts’. Even trace levels can harm plants’ morphological,
physiological, and molecular characteristics®. In addition, at high concentrations, Cr can lead to a variety of toxic
symptoms in plants, such as inducing oxidative stress, resulting in excessive production of reactive oxygen species
(ROS), reducing the activity of antioxidant enzymes, blocking the synthesis of photosynthetic pigments, inhibit-
ing photosynthesis, thus affecting plant growth and development and reducing their biomass®. In addition, Cr is
anon-biodegradable heavy metal element that can exist in plants for a long time and potentially threaten human
and animal health through its spread through the food chain’. Therefore, the remediation of Cr-contaminated
soil is necessary and urgent.

In the past few decades, several remediation methods for Cr contamination have emerged, among which
physical, chemical, and biological methods have been successfully applied to the remediation of Cr-contaminated
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soils®. Compared with traditional restoration techniques, phytoremediation is an aesthetic, economical, and
publicly recognized in-situ bioremediation technology®. It can provide an effective solution for soil removal,
transfer, degradation, and fixation of Cr'°. However, some challenges remain in its application, as phytoreme-
diation mainly depends on the concentration of Cr in the soil'!. Therefore, screening Cr-tolerant plants and
understanding the molecular response mechanism of these plants on Cr tolerance is the focus of phytoremedia-
tion research, which will further promote the remediation effect of Cr-contaminated soil'%. At present, some
Cr-tolerant plants have been identified by studies. There are Leersia hexandra®®, C. indica', Cyperus alternifolius',
Medicago sativa'®. These plants have evolved various defense and detoxification mechanisms to cope with heavy
metal chromium (HMC) stress. The cell wall is the first physical barrier that effectively inhibits Cr from entering
root cells'”'®, which can significantly reduce Cr absorption and fix Cr in the cell wall. When the first barrier is
breached, plants activate their antioxidant defense system and use vacuoles for compartments, thus alleviating
the toxic effects of Cr".

C. indica belongs to Canna indica, a perennial herbaceous species, showing a developed root system, strong
adaptability to the living environment, rapid growth, large leaf area and other characteristics, and strong enrich-
ment ability to heavy metals?®?!. In treating contaminated wastewater containing heavy metals such as Cr, it is
found that it has a robust, comprehensive tolerance, which can quickly adjust its own physiological and biochemi-
cal characteristics, showing strong tolerance®. At present, a large number of studies have focused on the response
mechanism of C. indica to Cr stress in morphology, physiology, and biochemistry, including plant biomass, plant
chelate (PC) synthesis, photosynthetic pigment, antioxidant defense system, and organic acid secretion?"?*%%,
Our previous studies showed that the contents of chlorophyll, malondialdehyde (MDA), and reduced glutamate
(GSH) in C. indica seedlings changed significantly with increased Cr concentration. Moreover, the activities of
enzymes related to the antioxidant mechanism (SOD, CAT, POD, and APX) were also changed'*. However, the
potential molecular mechanism underlying the response of C. indica to Cr stress remains largely unknown. In
recent years, with the development of transcriptome sequencing (RNA-Seq) and metabolomics techniques, they
have been widely used to reveal the different response mechanisms of different plants to Cr stress, including Zea
mays®, Helianthus annuus®, Arabidopsis thaliana®®, Sorghum bicolor”’. Therefore, taking C. indica as the research
object and combining multi-omics techniques, the knowledge gap of C. indica’s response to Cr stress can be
eliminated at the molecular level.

Therefore, physiological, transcriptomic, and metabolomic methods were used in this study to analyze the
molecular response mechanism of C. indica to Cr stress at different exposure times. We hypothesized that Cr
stress could induce the abnormal expression of many genes and metabolites related to the antioxidant and detoxi-
fication mechanisms of C. indica. The purpose of this study was to: (a) analyze the accumulation and transport
of Cr by C. indica and its physiological changes under Cr stress at different exposure times; (b) identify the key
metabolic pathways based on differentially expressed genes (DEGs) and metabolites (DEMs); (c) reveal the
molecular mechanism of C. indica tolerance under Cr stress at different exposure times, to provide a theoreti-
cal basis for phytoremediation of soil Cr pollution, and identify essential phytoremediation candidate genes to
provide a theoretical basis for future research.

Materials and methods

Plant cultures and Cr treatment

The background value of heavy metal Cr in Guizhou Province is 95.9 mg kg ''>28-3, 'The C. indica seedlings
used in this study were hydroponically grown by Songnan Plant Seedling Company of Luzhi town, Suzhou
City. Firstly, C. indica seeds of the same size were screened. After sterilization (The seeds were soaked in 1%
sodium hypochlorite solution for 10-30 min and repeatedly cleaned in deionized water before being placed in
Petri dishes), seeds were cultured in Petri dishes, waiting for germination, and then moved to nutrient water
for hydroponics. When the plants grew to about 10 cm, we purchased seedlings from the company and selected
seedlings with similar growth conditions for the experiment. The selected C. indica seedlings were surface
disinfected with 75% ethanol and 1% sodium hypochlorite solution for 10 s and 15 min. Carefully washed with
deionized water five times, furthermore transplanted in the greenhouse (500 g of soil per pot). All seedlings
were then earth culture in a controlled greenhouse (176 pmol m? s™! light intensity, 12 h photoperiod, 25 °C
constant temperature). To ensure the accuracy of the controlled test, we purchased the culture black soil that
was not contaminated with Cr from this company. Seedlings were domesticated in the greenhouse for 30 days
before exposure to Cr. Hoagland solution (15 mL; Table S11) and deionized water (15 mL) were added to the
pot every 15 days and every three days, respectively, and Hoagland nutrient solution was not added after Cr
stress. After domestication, C. indica seedlings were treated with Cr stress. Sixty-three seedlings with similar
growth conditions were randomly divided into seven groups with nine plants in each group (three plants per
pot): four groups were the control group (0 mg/kg K,Cr,0,), and the other three groups were the Cr treatment
group (100 mg/kg K,Cr,0,; Configure K,Cr,0, solution). Seedlings were treated at 0, 7, 14, and 21 days of Cr
stress (nine plants at 0 days, eighteen plants at 7 days, eighteen plants at 14 days, and eighteen plants at 21 days).
Prepare the solution of 100 mg/kg K,Cr,0; and pour it around the plant (100 mL volumetric bottle configuration,
add once, add 50 mL). Root (R) tissue from both Cr-treated and untreated seedlings was sampled simultaneously
on corresponding days and immediately frozen in liquid nitrogen and stored in a — 80 °C freezer until further
treatment. Finally, 21 groups of samples were collected for transcriptomic and metabolomic analysis. Similarly,
21 sets of samples were collected in this way for biochemical analysis (collect 3 plant roots into a group). This
study have permission to collect C. indica plant. And all methods were carried out in accordance with relevant
guidelines in the method section.
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Cr content in soil and plants

Rhizosphere soil samples and leaf samples were digested in a 1:3 v/v mixture of HCL and HNO;. The mixture
was then added to a 50 ml volumetric flask and diluted with deionized water. To test the cadmium content, the
Cd content of experimental samples was measured using ICP-MS™*.

Soil indicator and physiological index of plants

Soil physicochemical properties

Soil pH and conductivity were determined using a potentiometric method using STARTER 2100 and LEI-CI
DDS-307A. Soil organic matter (SOM) was measured by K,Cr,0,-H,SO, oxidation-external heating method*"2.

Analysis of plant physiological and biochemical indicators

Chlorophyll and carotenoids are insoluble in water and soluble in organic solvents. Chlorophylls and carot-
enoids were extracted crudely from organic solvents, and chlorophyll a, b, and carotenoids had the maximum
absorption at 645 nm, 663 nm, and 470 nm. DTNB: 5,5’-dithio-bis- (2-nitrobenzoic acid), which can react
with glutathione (GSH) to produce 2-nitro- 5-mercaptobenzoic acid and glutathione disulfide (GSSG). Since
2-nitro-5-mercaptobenzoic acid is a yellow product, the amount of glutathione in the sample can be determined
by measuring its maximum absorption at 412 nm. Under the action of sulfuric acid, sugars are dehydrated to
form furfural or hydroxymethylfurfural, and anthrone and furfural or hydroxymethylfurfural are dehydrated
and condensed to form a blue-green derivative, which has a characteristic absorption peak at 620 nm, and
the change of the absorbance value can be used to detect the content of soluble sugars in plants quantitatively.
Malondialdehyde (MDA) can be condensed with thiobarbituric acid (TBA) under acidic and high-temperature
conditions to produce the brownish-red color trimethoprim (3,5,5-trimethyloxazole-2,4-dione), which has a
maximum absorption wavelength of 532 nm. Intracellular reactive oxygen species can oxidize non-fluorescent
DCFH to produce fluorescent DCE Detecting the fluorescence of DCF tells us the level of intracellular reactive
oxygen species. The peroxidase (POD) catalyzes the decomposition of hydrogen peroxide into water and oxygen,
and the oxygen oxidizes pyrogallic gallic acid to form a yellow product. Oxygen oxidizes pyrogallic gallic acid to
form a yellow product, and the enzyme activity was determined by measuring the absorbance change at 420 nm.
The enzyme activity was determined by measuring the change in absorbance at 420 nm. Superoxide anion (O,) is
produced by xanthine and xanthine oxidase reaction system, and O~ reacts with WST-1 to produce water-soluble
yellow filth, which is absorbed at 450 nm.

The content of chlorophyll, carotenoid, glutathione (GSH), soluble sugar, malondialdehyde (MDA), and reac-
tive oxygen species (ROS) was detected using Suzhou Keming Biotechnology Co., LTD (www.cominbio.com)
standard kit. The activities of peroxidase (POD), superoxide dismutase (SOD), and ascorbate peroxidase (APX)
were measured using Suzhou Keming Biotechnology Co., LTD (www.cominbio.com) standard kits.

Transcriptome analysis

RNA-sequencing (RNA-Seq) was applied to determine the changes in gene expression in the roots of C. indica
under Cr stress at different times. Root tissue (3 replicates per group) of 0.5 g was taken from Cr-treated and
untreated C. indica seedlings at days 0, 7, 14, and 21 and were frozen in liquid nitrogen. The RNA of root sam-
ples of C. indica under CK and Cr treatments (including three biological replications) was extracted by TRIzol’
Reagent (Invitrogen, USA), purified by Plant RNA Purification Reagent (Invitrogen company), and sequenced on
the HiSeq 6000 Illumina sequencing platform by Shanghai Majorbio Bio-pharm Technology Co. Ltd, China®**,

Metabolomics analysis

Root tissue of 0, 7, 14, and 21-day time series from Cr-treated and untreated C. indica seedlings (3 replicates per
group) was taken at about 1 g (3 replicates per group), weighed, and frozen in liquid nitrogen. After natural air
drying, root samples were ground to powder, and metabolites were extracted and analyzed. The 60 mg ground
powder was ultrasonically extracted with 0.6 mL methanol/water (7:3, v/v) for 30 min followed by 20 min incuba-
tion at — 20 °C and an internal standard of L-2-Cl-Phe (0.3 mg mL™"). The extracts were centrifuged at 14,000 rpm
for 10 min at 4 °C. Then, 200 pl of supernatant was filtered through a 0.2 um filter and measured using a Waters
VION IMS Q-TOF Mass Spectrometer equipped with an electrospray interface (Waters Corporation, Milford,
MA, USA) platform as described elsewhere®.

Expression analysis using quantitative RT-PCR

Total RNA (5 pg) isolated from C. indica exposed to different treatments viz., Cr0, Cr7, Cr14 and Cr21 was
reverse transcribed by using SuperScriptIl (Fermentas, USA). The synthesized cDNA was diluted in DEPC
water in the ratio of 1:5 and subjected to quantitative RT-PCR analysis. Each qRT-PCR reaction was performed
in a total reaction volume of 20 pl for each set of selected genes by using Fast SYBR Green PCR Master Mix
(Agilent Technologies, USA). The qQRT-PCR reactions were performed by using the following cycle conditions:
an initial 94 °C for 2 min, followed by 30 cycles of 94 °C for 30's, 60 °C for 30 s, and 72 °C for 30 s, and the final
5 min extension at 72 °C. After obtaining the ct-value for each reaction, the relative expression was calculated
by 2A—delta Ct method.

Statistical analysis
One-way ANOVA and IBM SPSS 26.0 (Chicago, USA) were used for statistical analysis, and the nonparametric
Kruskal-Wallis test was used to analyze the data when the assumptions of normal distribution and homogeneity
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of variance were not met. Charts were drawn using Origin 2021 and Adobe Illustrator. Visualization of transcrip-
tome and metabolome data was performed using the online platform (www.majorbio.com).

Results

Physiological changes and Cr accumulation of C. indica under Cr stress

In this study, compared with group Cr0, pH and EC in soil increased significantly after Cr(VI) was added, but
their values decreased substantially with increased stress time. Meanwhile, soil organic matter (SOM) content
decreased significantly with increased stress time; however, it was significantly higher than the control group at
14 and 21 days (Fig. 1A). In addition, prolonged Cr stress time significantly decreased the biomass of C. indica.
In addition, with the increased Cr stress time, the contents of carotenoid and total chlorophyll also reduced sig-
nificantly, especially in group Cr7, which decreased by 50.22% and 33.85% compared with group Cr0 (Fig. 1B).
Meanwhile, with the increase of Cr stress time, the contents of Cr(VI) and Cr(III) in soil showed a trend of first
increasing and then decreasing. It was found by measuring the Cr content in the leaves of C. indica showed a
trend of significantly increasing all the time and reached the maximum value in group Cr21 (Table 1).

In this study, after the addition of Cr(VI), the activities of superoxide dismutase (SOD) and APX(ascorbate
peroxidase) in C indica of group Cr21 were increased by 75.49% and 56% compared with that of group Cr0,
respectively (Fig. 1C). In contrast, POD(peroxidase) activity showed the highest value in the Cr7 group, which
increased by 13.02% compared with the Cr0 group. With increased Cr stress time, the activity of antioxidant
enzymes showed an increasing trend. In addition, it can be seen from the change of glutathione (GSH) and solu-
ble sugar content in C. indica that the content of GSH and soluble sugar is increasing (p <0.05), and its maximum
value was found in group Cr21. At the same time, the contents of malondialdehyde (MDA) and reactive oxygen
species (ROS) were also significantly increased after Cr(VI) was added and reached their peaks in Cr7 and Cr21
groups, respectively (Fig. 1D,E).

Metabolomic analysis

Metabolic changes of C. indica roots under Cr stress

In this study, non-targeted metabolomics (LC-MS) was used to study the metabolism of C. indica roots to identify
the different metabolites associated with Cr immobilization in C. indica roots to understand better the stress
response mechanism of C. indica roots under Cr stress. The results showed that Cr stress had little effect on the
metabolites in the roots of C. indica under cationic mode (Fig. 2A). At the same time, there was a significant
partitioning phenomenon between Cr14 and Cr21 groups and the Cr0 groups due to the significant differences
between groups in the Cion mode (Fig. 2A,C). This study showed that the PLS-DA scatter in all treatment groups
showed an apparent partitioning phenomenon in the cationic mode (Fig. 2B,D). Meanwhile, in the cationic
mode, the differential interpretation rate of PLS-DA analysis reached 51.7%, reflecting this data’s reliability and
applicability for future studies (Fig. 2B). In summary, these results suggest that Cr stress can significantly affect
the composition of metabolites in the roots of C. indica.

Cluster analysis of DEMs in the roots of C. indica

38 DEMs were detected in the Cr0 vs Cr7 comparison group, with 24 up-regulated and 14 down-regulated
metabolites. Up-regulated metabolites include Chrysoidine free base and Citicoline. Similarly, 95 DEMs were
detected in the Cr0 vs Cr14 comparison group (15 up-regulated and 80 down-regulated). Gln Val Tyr Asp,
Phytosphingosine-1-P, Methyl jasmonate, M-Coumaric acid, and P-Tolualdehyde were particularly abundant in
the Cr-contaminated group. As Cr stress duration increased, more up-regulated DEMs were detected in the Cr0
vs Cr21 comparison group. Asp Ile Gln Gly, Gln Val Tyr Asp, L-Aspartic acid, L-Glutamate, M-Coumaric acid,
Mevalonic acid, and Flumiclorac-pentyl were most abundant (Fig. 3A-D; Table S1). Notably, Gentiopicrin was
significantly expressed in all three comparison groups (Table S1). Meanwhile, we identified the top ten DEMs
in each comparison group based on changes in differential metabolites (Fig. S2A). The volcano map visually
illustrates DEM changes (Fig. S2B).

Under Cr stress, Among the secondary metabolite classes, the DEMs are mainly Flavonoids (28.57%), Phenyl-
propanoids (20%), Terpenoids (31.43%), Fatty acids-related compounds (8.57%), and Alkaloids (5.7%) (Fig. S1A;
Table S2), in the classification of lipid compounds, It is mainly composed of Fatty acyls (37.5%), Glycerolipids
(12.5%), Glycerophospholipids (36.54%), Polyketides (8.65%), and Sterol lipids (8.65%) (Fig. S1B; Table S2).
These results suggest that amino acids, phenylpropanoids, flavonoids, terpenoids, Fatty acyls, and Glycerophos-
pholipids may be crucial in detoxifying Cr in C. indica roots.

Analysis of enrichment of KEGG functional pathway in DEMs in C. indica roots

Through the enrichment analysis of the KEGG pathway, the biological pathways between different comparison
groups were determined to further explore the metabolic mechanism of C. indica to Cr stress. First, we searched
and annotated the DEMs in C. indica roots under different Cr treatments and screened out the top 20 meta-
bolic pathways in enrichment (Fig. 4A; Table S3). The Biosynthesis of cofactors was mainly enriched in the Cr0
vs Cr7 comparison group. Phenylalanine metabolism, Sphingolipid, N-Glycan, Glycosylphosphatidylinositol
(GPI)-anchor biosynthesis, and Autophagy was enriched primarily on the Cr0 vs Cr14 comparison group. With
prolonged stress, The significantly enriched metabolic pathways in the Cr0 vs Cr21 comparison group mainly
included Histidine, Arachidonic acid, Alanine, aspartate and glutamate, Nicotinate, nicotinamide metabolism,
and Arginine biosynthesis. It should be noted that Glycerophospholipid metabolism is significantly enriched in
Cr7, Crl4, and Cr21 (Fig. 4B-D; Table S4). Therefore, these DEMs-enriched pathways in C. indica may play an
essential role in plant response to Cr stress.
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Figure 1. Effects of Cr stress on soil physicochemical properties (pH, EC, and SOM) and physiological

and biochemical indexes of C. indica (Freshweight, Carotenoid, Chlorophyll, SOD, APX, POD, GSH, MDA,
ROS, Soluble sugar, Chlorophyll a, and Chlorophyll b). Data within the same followed by a string of the same
lowercase letters are not significantly different (P >0.05). At the same time, a series of other letters show a
significant difference (P <0.05).

Scientific Reports |  (2024) 14:14090 | https://doi.org/10.1038/s41598-024-64877-w nature portfolio



www.nature.com/scientificreports/

Group Cr(VI) in soil (mg/kg) | Cr(III) in soil (mg/kg) | Cr(VI) in leaves (mg/kg) | Cr(III) in leaves (mg/kg)
Cr0 12.40+0.26d 29.36+0.37f 0.44+0.07d 1.04+0.11c
CK7 13.27+0.31b 37.89+0.20d 0.39+0.05d 1.11+0.05¢
Cr7 14.60£0.26a 117.84+2.05a 4.75+0.58¢ 9.45+0.41b
CK14 12.30+0.36d 33.62+0.17e 0.56+0.05d 1.19+0.04c
Crl4 13.10+0.28bc 85.68+1.32b 6.22+0.82b 14.54+0.46a
CK21 12.50+0.37d 28.13+0.91f 0.73+0.06d 1.36£0.15¢
Cr21 12.67+0.15¢cd 65.93+£0.96¢ 8.82+0.45a 15.34+1.73a

Table 1. Accumulation and transport of heavy metal Cr by Canna indica. Data within the same followed by
a string of the same lowercase letters are not significantly different (P >0.05). At the same time, a string of
different letters shows a significant difference (P <0.05).
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Figure 2. PCA and PLS-DA plot metabolic profiles in C. indica root among different groups in both the
positive ion (A,B) and negative ion (C,D) modes under Cr treatments, respectively. The higher the similarity
of species composition, the more the area of shaded part crosses. Shanghai Majorbio Bio-pharm Technology
platform provides all KEGG materials, and the copyright license for image use is obtained.
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Figure 3. Quality control of Metabolomics data and Changes in DEM expression. (A) Compare the Veen graph
of the number of DEMs in groups pairwise. The overlap represents the number of metabolites common to each
comparison group, and the non-overlap represents the number of metabolites unique to the comparison group,
(B-D) Heatmap showing the results of the clustering analysis of DEMs. The stronger the positive correlation
the darker the red, and the stronger the negative correlation the darker the blue. Shanghai Majorbio Bio-pharm
Technology platform provides all KEGG materials, and the copyright license for image use is obtained.

Transcriptomic analysis

Gene function annotation

Novaseq 6000 (Illumina) was used for transcriptional sequencing to understand gene expression changes in C.
indica roots under Cr stress. In this study, 216,527 genes and 516,953 transcripts were identified in 6 different
databases, among which the NR database had the highest annotation rate, and 49,065 genes were significantly
annotated (Table S5; Fig. S3). In addition, a total of 155.92 Gb of Clean Data was obtained from 21 samples in
this study, and all Q20 and Q30 values were greater than 98% and 94%, respectively (Table S6). These results
reflect the reliability and applicability of this data for future studies.
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Figure 4. Enrichment analysis of KEGG functional pathways. (A) Top 20 functional pathways for metabolite
enrichment. From left to right, the number of metabolites in the column was ranked from high to low. The
higher the column, the more metabolites are involved in this pathway among the identified metabolites. (B-D)
The top 20 pathways of the significance of the up-regulated and down-regulated DEMs on KEGG. The X-axis
represented the rich factor, and the Y-axis represented the pathway’s name. The bubble size represents the
number of DEMs involved. The bubbles color indicates the enrichment degree of the path. Shanghai Majorbio
Bio-pharm Technology platform provides all KEGG materials, and the copyright license for image use is
obtained.

Analysis of differentially expressed genes (DEGs) and changes in gene expression

This study compared the up-regulated and down-regulated DEGs in the Cr0 group with those in the Cr7, Cr14,
and Cr21 treatment groups. The results showed that with the extension of Cr stress time, the up-regulated genes
of C. indica root increased significantly, with 1393(440 up-regulated and 953 down-regulated) in the three com-
parison groups, respectively. 6771(2964 up-regulated and 3807 down-regulated) and 8083(4306 up-regulated
and 3777 down-regulated) (Fig. 5A). Among them, the top 15 up-regulated and down-regulated genes with dif-
ferentially expressed levels among the comparison groups are shown in Table S7. Meanwhile, the total number of
up-regulated and down-regulated DEGs among the comparison groups was 439 and 133, respectively (Fig. 5B,C).
In addition, based on the magnitude and significance of the observed stress effects, we further evaluated the
overall gene expression between the comparison groups using volcanic maps. Using volcanic maps, we evaluated
DEGs in the three comparison groups (Fig. 5D-F).

KEGG and GO functional enrichment analysis of DEGs

In the Cr0 vs Cr7 comparison group, DEGs were significantly enriched in DNA-binding transcription factor
and regulator activity. Participate in the regulation of RNA biosynthetic process, regulation of transcription,
DNA-templated, and an anchored component of membrane DEGs were mainly significantly enriched in the
Cr0 vs Cr14 comparison group. With the extension of Cr stress time, The functional pathways significantly
enriched in the Cr0 vs Cr21 comparison group mainly include aerobic electron transport chain, cytoplasmic
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Figure 5. Changes in DEG expression, (A) Up-regulation and down-regulation of DEGs, red represents
up-regulation, blue represents down-regulation. (B,C)Veen plot of pairwise comparison of the group’s number
of up-regulation and down-regulation DEGs. The overlap means the number of metabolites common to each
comparison group, and the non-overlap represents the number of metabolites unique to the comparison group.
(D-F) Volcano plots of DEGs up-regulation and down-regulation (G-I) The top 20 pathways of the significance
of the up-regulated and down-regulated DEGs on KEGG. The X-axis represented the rich factor, and the Y-axis
represented the pathway’s name. The bubble size represents the number of DEGs involved. The bubbles color
indicates the enrichment degree of the path (J-L) GO pathway enrichment analysis. Shanghai Majorbio Bio-
pharm Technology platform provides all KEGG materials, and the copyright license for image use is obtained.

translation, inner mitochondrial membrane protein complex, NADH dehydrogenase complex, and respiratory
chain complex (Fig. 5]-L; Tables S8, S9).
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In the Cr0 vs Cr7 comparison group, upregulated DEGs (TRINITY_DN124_c0_g2) are mainly involved
in galactose metabolism, and the DEGs (TRINITY_DN14773_c0_gl, TRINITY_DN15854_c0_g2, TRIN-
ITY_DN16130_c0_g3) involved in Phenylpropanoid biosynthesis and Starch and sucrose metabolism are pri-
marily enriched in the Cr0 vs Cr14 comparison group. With the extension of Cr stress time, The significantly
enriched functional pathways in the Cr0 vs Cr21 comparison group mainly included Ribosome, Oxidative
phosphorylation, Glutathione metabolism DEGs (TRINITY_DN3914_c0_gl, TRINITY_DN52144_c0_gl1,
TRINITY_DN690_c0_g1), and Isoquinoline alkaloid biosynthesis. It is worth noting that starch and sucrose
metabolism, MAPK signaling pathway-plant DEGs (TRINITY_DN1298_c0_g1, TRINITY_DN11035_c0_g1),
and Plant hormone signal transduction DEGs (TRINITY_DN1298_c1_gl, TRINITY_DN12863_c0_g1, TRIN-
ITY_DN12505_c0_g1) were significantly enriched in Cr7 and Cr14. However, with the extension of Cr stress
time, the enrichment degree of these three functional pathways decreased significantly (Fig. 5G-I; Table S10).

Analysis of co-expression network of transcription factors and weighted genes

In this study, a total of 1619 transcription factors (TFs) were identified from 33 transcription factor families. The
top 5 families were MYB_superfamily, AP2/ERE, bHLH, C2C2, and NAC (Fig. 6A). Weighted gene co-expression
network analysis (WGCNA) was used to investigate the relationship between genes and physiology and biochem-
istry in C. indica. Thirty-four gene modules were identified, including 26,296 genes (Fig. 6B,C). Among them,
the central gene of the MEmidnightblue module was positively correlated with the content of photosynthetic
pigments (P <0.001), and through the network diagram and correlation heat map, it can be seen that DEGs
regulating photosynthetic pigments were significantly up-regulated at the early stage of stress, but significantly
down-regulated at the late stage of stress (Fig. 6D,E). The central gene of the MEblack module was positively cor-
related with the degree of lipid peroxidation (MDA) in plants (P <0.001). According to the screened central genes,
lipid peroxidation in Cr7 and Cr14 groups was significantly enhanced but significantly weakened at the later
stage of stress (Fig. 6EG). The central gene of the MEdarkolivegreen module was positively correlated with the
activity of antioxidant enzymes (SOD) and the content of non-enzymatic antioxidant substances (GSH) in plants
(P<0.001), whose central gene was significantly enhanced in Cr7 and Cr21 groups (Fig. 6H,I and Table S12).

Validation of the DEGs results by qRT-PCR analysis

To verify the reliability of the RNA-Seq data, 12 DEGs were selected and validated by qRT-PCR. Selected DEGs
(Galactose metabolism DEGs (TRINITY_DN124_c0_g2), Starch and sucrose metabolism DEGs (TRINITY_
DN14773_c0_g1, TRINITY_DN15854_c0_g2, TRINITY_DN16130_c0_g3), Glutathione metabolism DEGs
(TRINITY_DN3914_c0_gl1, TRINITY_DN52144_c0_gl), MAPK signaling pathway-plant DEGs (TRIN-
ITY_DN1298_c0_gl, TRINITY_DN11035_c0_g1) and Plant hormone signal transduction DEGs (TRIN-
ITY_DN1298_cl1_gl, TRINITY_DN12863_c0_gl1, TRINITY_DN12505_c0_g1)) the trend was consistent with
Ilumina sequencing. Only the TRINITY_DN690_c0_g1 gene showed a similar expression trend that was not
consistent with Illumina sequencing, with an expression trend agreement rate of 91.7%, indicating that the RNA-
Seq analysis data results were reliable (Fig. 7).

Discussion

Physiological response changes of C. indica under Cr stress

Cr is almost not involved in any metabolic pathways in plants, but its toxicity will hinder and affect plant growth
and development’s physiological and biochemical processes*. Among them, changes in plant physiological char-
acteristics are usually related to homeostasis and stress strategies®”. Plants can enhance their tolerance to heavy
metals through their antioxidant mechanisms, energy metabolism, and hormone transduction processes®®. This
study showed that after C. indica was exposed to Cr stress, leaves’ carotenoid, and chlorophyll contents were sig-
nificantly reduced, and plant growth was significantly inhibited (Fig. 1B,E). This is in contrast to previous studies
in Solanum lycopersicum L.*!, rice®, and cauliflower?, indicating that plant photosynthesis may be interfered with
by Cr stress. Meanwhile, in this study, the central gene screened by WGCNA in the MEmidnightblue module
was significantly positively correlated with the content of photosynthetic pigments. However, its gene expression
was significantly down-regulated with the extension of stress time (Fig. 6D,E), which may explain why photo-
synthetic pigments decreased during stress. Plants can activate endogenous defense mechanisms in response
to ROS-induced oxidative stress. The defense system mainly comprises antioxidant enzymes and chelates, such
as SOD, APX, and POD, which can scavenge free radicals and neutralize intermediates with oxidative toxicity
to maintain plants’ homeostasis, thus reducing oxidative damage in plant cells*. El Rasafi et al.*’ pointed out
in a review study on plant response to heavy metal stress that plants reduce membrane lipid peroxidation and
accumulation of intracellular reactive oxygen species mainly by increasing the activities of antioxidant enzymes
(POD, SOD, and APX), to maintain their normal metabolic activities. This study observed that the activity of
antioxidant enzymes (SOD, APX, and POD) and the contents of GSH and soluble sugar increased significantly
with the extension of Cr stress time, consistent with previous studies results. Among them, soluble sugar could
serve as energy storage substances for plants, signal transduction, and osmotic regulation substances, playing a
pivotal role in plant growth and development and stress response. GSH is a widely recognized essential plant
metabolite and is an antioxidant and detoxifier, a precursor to phytochelatin. It can bind with Cr, Pb, and other
heavy metals, significantly reduce its mobility and bioavailability, and greatly enhance plant tolerance to heavy
metals*®4142, It should be noted that the oxidative stress system of C. indica does not activate to the highest level
at the initial stage of stress but gradually strengthens with the extension of stress time.
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Figure 6. Results of TF and WGCNA. (A) The number of top 20 TFs. (B) Hierarchical clustering tree showing
coexpression modules identified by WGCNA. (C) Module sample association relationships. (D,E) midnight blue
module central gene symbiosis network map and clustering heat map, (F,G) black module major gene symbiosis
network and clustering heat map, (H,I) Symbiotic network map and clustering heat map of dark olive-green
module center gene. Shanghai Majorbio Bio-pharm Technology platform provides all KEGG materials, and the
copyright license for image use is obtained.

Transcriptional metabolic response of C. indica to Cr stress under time series

In Cr stressed environment, plant roots can jointly resist heavy metal poisoning by changing the content of their
metabolites and gene expression of critical metabolic pathways*’. This study revealed the molecular response
mechanism of C. indica under Cr stress under time series through untargeted metabonomics studies combined
with transcriptomic analysis. The results showed that DEGs involved in galactose, starch, and sucrose metabolism
were significantly up-regulated in C. indica under short-term Cr stress, leading to a significant increase in carbo-
hydrate content in C. indica (Figs. 3B, 8A,B). Many studies have shown that the upregulation of endoglucanase
(EGLC) and B-amylase (SUS) in the starch and sucrose metabolism pathway will increase soluble sugar content
in plants*!. This phenomenon is essential in plant growth, development, and signal transduction in response to Cr
stress*. In addition, galactose metabolism is an essential intermediate process of the carbohydrate cycle in plants,
providing precursors for glucose metabolism and energy support for metabolic processes under stress, thus
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Figure 7. Results of the quantitative PCR (qQRT-PCR) results for the mRNA expression profiles of differentially
expressed genes (DEGs). The significance of differences in samples was performed by combining one-way
ANOVAs and Tukey’s test. The significant difference was 0.01 (P <0.01). Data within the same followed by a
string of the same lowercase letters are not significantly different (P >0.05). At the same time, a string of different
letters shows a significant difference (P <0.05). The detailed primer information is shown in Table S13. Galactose
metabolism DEGs (TRINITY_DN124_c0_g2), Starch and sucrose metabolism DEGs (TRINITY_DN14773_
c0_gl, TRINITY_DN15854_c0_g2, TRINITY_DN16130_c0_g3), Glutathione metabolism DEGs (TRINITY_
DN3914_c0_gl, TRINITY_DN52144_c0_gl, TRINITY_DN690_c0_g1) - MAPK signaling pathway-plant
DEGs (TRINITY_DN1298_c0_gl, TRINITY_DN11035_c0_gl) and Plant hormone signal transduction DEGs
(TRINITY_DN1298_c1_g1, TRINITY_DN12863_c0_gl, TRINITY_DN12505_c0_g1).

helping plants maintain nutritional balance in harsh environments*. Therefore, in the early stage of Cr stress, the
rich carbohydrate metabolism process in C. indica may help to enhance plant tolerance to Cr for a short period.

In this study, in the middle stage of Cr stress, it was also found that plant hormone signal transduction and
MAPK signaling pathway were significantly enhanced in C. indica (Fig. 8C,D). Generally speaking, plant hor-
mones are vital regulatory factors mediating stress response, which can rapidly activate stress response mecha-
nisms in various organelles, thus reducing oxidative damage in plants*"*. In order to induce the expression of
various transport factors and the production of the Cr(VI) detoxification peptide chain, Enzymes involved in
metabolic pathways in plants are activated in response to stress signals21. Heavy metals promote the expression
of TFs and stress-responsive genes in plants and activate various signaling pathways, including MAPK signaling
and hormone signaling®’. In existing studies, Kumar et al. (2018) used Arabidopsis thaliana to reveal the activation
pathway of MAPK signaling pathway in plants under heavy metal stress, mainly including ROS accumulation and
changes in the antioxidant system. This study found that flg22 and Abscisic acid-related genes in the MAPK sign-
aling pathway were significantly up-regulated in C. indica after the exogenous addition of Cr(VI) at the middle
stage of stress. In auxin signal transduction, upregulation of ARF, which is a hub gene, in a high-Cr environment
not only regulates the upregulation of downstream SAUR and GH3 to cope with adverse environmental condi-
tions but also regulates the direction of plant growth factors by binding to Aux/IAA repressor proteins (Fig. 8C).
This indicates that under Cr stress, with the extension of time, the growth strategy of C. indica changes, and the
rapid root growth is conducive to plants’ absorption of soil nutrients, thus conducive to the survival of plants in
the stressed environment. Studies have shown that ABA is closely related to the signal transduction of plant stress
resistance®®. The results showed that in the middle stage of Cr stress, ABA receptor PYR/PYL-related genes were
up-regulated and inhibited downstream PP2C and SnPK2-related genes, thus activating ABF binding factors
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Figure 8. Changes of main metabolic pathways in C. indica after Cr stress. Red and blue indicate up-regulation
and down-regulation, respectively, while gray indicates no significant change. See https://www.genome.jp/kegg/
for detailed annotations. Shanghai Majorbio Bio-pharm Technology platform provides all KEGG materials, and
the copyright license for image use is obtained.
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and enhancing the ABA signal transduction process. In the JA signaling pathway, Verma et al. (2020) used tran-
scriptomics to reveal the signal regulation of MYC2 in Arabidopsis thaliana, and the results showed that MYC2
mainly mediated the biosynthesis of proline. Meanwhile, in the salicylic acid signaling pathway, the results of"®
showed that the NPR1 protein involved in REDOX regulation was mainly mediated by salicylic acid. Therefore,
we speculate that IAA, ABA, jasmonic acid, and salicylic acid play a crucial role in enhancing plant Cr tolerance.

The plant can regulate heavy metals’ transport through cell wall fixation, metal chelation, and vacuolar
compartments. Among them, the absorption of heavy metals is mainly concentrated in the plant root cell wall,
which can prevent external pollutants from entering the cell interior®. Solanum nigrum L., Celosia argentea
Linn®, and Sedum alfredii, Studies on the distribution of heavy metals that the root cell wall is the leading site
for binding heavy metals and plays a crucial role in plant response to Cr stress. The present study showed that
after the exogenous addition of Cr(VI), DEGs involved in the regulation of phenylpropanoid biosynthesis were
significantly up-regulated at the later stage of stress with the extension of stress time (Figs. 5H,I; 8E). Therefore,
we speculated that C. indica, under long-term Cr stress, may activate the phenylpropanoid biosynthesis pathway
in plants due to the increased accumulation of HMC in the roots, affecting the synthesis of coumarin and lignans,
thus reducing the mobility and bioavailability of Cr. This can enhance the tolerance of C. indica to HMC***°.
Wang et al.'” also showed in recent studies that plants under heavy metal stress could enhance their binding
ability with heavy metals by inducing their cell wall metabolism and reshaping their structure to enhance their
tolerance to heavy metals. In addition, plants can jointly regulate the accumulation and transport of heavy metals
by increasing cellulose and pectin contents and xylem cell wall thickness to alleviate heavy metals’ toxic effects on
plants®’. Phenylpropanes (Fig. S1) and amino acid (Phenylalanine) contents (Fig. 3C,D) and the Phenylalanine
metabolism pathway (Fig. 4C,D) were significantly up-regulated in late Cr stress. Among them, phenylalanine
is catalyzed and oxidized to tyrosine by phenylalanine hydroxylase, which, together with tyrosine, synthesizes
important hormone substances and participates in glucose metabolism and lipid metabolism®%. Moreover, it
can be converted into phenylpropane metabolites in secondary metabolic biosynthesis, including lignin and
flavonoids, which greatly enhance the tolerance of plants to heavy metals'®. In addition, the enhancement of the
Phenylalanine metabolism pathway is consistent with transcriptome results, suggesting that cell wall metabolism-
related pathways of C. indica may play a crucial role in plant response to heavy metal stress under prolonged
heavy metal stress'®. Phenylpropanes (Fig. S1) and amino acid (Phenylalanine) contents (Fig. 3C,D) and the
Phenylalanine metabolism pathway (Fig. 4C,D) were significantly up-regulated in late Cr stress. Among them,
phenylalanine is catalyzed and oxidized to tyrosine by phenylalanine hydroxylase, which, together with tyros-
ine, synthesizes important hormone substances and participates in glucose metabolism and lipid metabolism®.
Moreover, it can be converted into phenylpropane metabolites in secondary metabolic biosynthesis, including
lignin and flavonoids, which greatly enhance the tolerance of plants to heavy metals'®. In addition, the enhance-
ment of the Phenylalanine metabolism pathway is consistent with transcriptome results, suggesting that cell wall
metabolism-related pathways of C. indica may play a crucial role in plant response to heavy metal stress under
prolonged heavy metal stress'®.

GSH is a plant antioxidant, mainly in the form of reduced glutathione (GSH) and oxidized glutathione (GSSG)
in plants. It is involved primarily in the removal of ROS in plants and the chelation of heavy metals and plays an
essential role in the stress resistance of plant cells**. This study showed that DEGs regulating GSH metabolism in
C. indica roots were significantly up-regulated under two treatment times of Cr14 and Cr21 (Figs. 5H,I; 8F). This
may be because plants exposed to heavy metal stress for a long time can produce a large amount of ROS. However,
excessive ROS accumulation will eventually lead to lipid peroxidation of the cell membrane and damage the func-
tion of the cell membrane. Therefore, genes that regulate GSH metabolism in plants are induced to be expressed
in response to oxidative damage caused by stress*®. However, some studies have shown that ROS in plants can
be independently produced in different compartments and serve stress-sensing and signaling purposes in plants
to regulate gene expression and induce stress recovery*. It is worth noting that GSH can not only capture and
bind heavy metal ions attached to the enzyme protein sulthydryl but also reduce them too acidic substances
through the combination of sulthydryl with free radicals in plants to accelerate the removal of free radicals, thus
enhancing the tolerance of plants to heavy metals®’. Meanwhile, Yu et al.** revealed the detoxification mechanism
of GSH in plants of Celosia argentea Linn under heavy metal stress through multi-omics analysis. The results
showed that GSH is a precursor to phytochelatin peptides (PCs) using a synthase to complex free HM ions in
plant cells. This HM complex is then delivered to plant vacuoles via tonoplast membrane transporters for even-
tual detoxification. Hasanuzzaman et al.>* reported that plants’ antioxidant content would increase significantly
under oxidative stress, dramatically enhancing plants’ stress resistance. In addition, WGCNA showed that the
central gene of the MEdarkolivegreen module was significantly positively correlated with the GSH content in
plants (P <0.001), and its expression was significantly increased in the Cr21 group (Fig. 6H,I). This is similar to
the gene expression results of the GSH metabolic pathway in Morus alba L. and Pepper®®*°. Essential functional
genes involved in glutathione S-transferase and Glutathione metabolism were significantly up-regulated under
heavy metal stress, greatly enhancing plant stress resistance.

This study found that terpenoid content in plant bodies increased significantly under heavy metal stress,
mainly including Ginkgolide C, 17-Oxogrindelic acid, Limonin, and Gibberellin A44 (Table S1). This may be
because terpenoid metabolites can significantly scavenge hydroxyl radicals and superoxide anions in plants,
reduce the level of malondialdehyde in cells, and enhance the activities of superoxide dismutase, catalase, and glu-
tathione peroxidase, reflecting vigorous antioxidant activity. To alleviate oxidative damage from heavy metals*"*°.
At the same time, triterpenoids are an essential class of natural antioxidant active substances. Studies have shown
that triterpenoid metabolites play a crucial role in complex biochemical processes such as stress response and cell
physiological reaction in plants, with scavenging solid ability of 1, 1-diphenyl-2-trinitrophenylhydrazide (DPPH)
free radicals, and the scavenging rate is as high as 90%. Moreover, it positively correlates with concentration®.
The contents of amino acids (L-Glutamate, Glutamine, and Glycine) and flavonoid metabolites at the late stage of
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Cr stress (Fig. 3D; Fig. S1) and glutamate metabolism (Fig. 4D) were significantly up-regulated. In plants, amino
acids can effectively chelate metal ions in the cytoplasm to reduce the toxic effect of heavy metals on plants®.
L-Glutamate is an intermediate for oxidized amino acids, which plants can use for secondary metabolisms,
such as the biosynthesis of glutamine, proline, and lysine®’. Glutamine is an essential precursor of glutathione
biosynthesis in plants. Glycine is an antioxidant involved in heavy metal chelation in plants, and the presence of
these metabolites plays a crucial role in plant survival and stress resistance®. In addition, proline is an ideal plant
osmotic regulator, a protective substance for enzymes in cell membranes and plants, and a free radical scavenger*!
which can protect the growth of C. indica under heavy metal stress. Mwamba et al. (2022) revealed the adaptive
mechanism of Brassicanapus to heavy metal stress through metabonomics analysis. The results showed that
phenolic compounds were involved in response to heavy metal stress, among which flavonoids were significantly
induced. They indicated that the antioxidant mechanism was the final response strategy to heavy metal stress.
In addition, metabonomics analysis showed that the content of plant secondary metabolites, flavonoids, was
significantly increased, effectively alleviating the toxic effects of Cr stress. Flavonoids are important secondary
metabolites. The hydrogen atom on the phenolic hydroxyl group of flavonoids can combine with peroxyl radicals
to form flavonoid radicals, thereby ending the free radical chain reaction and enhancing the ability of plants to
resist environmental stresses®. Previous studies have shown that as defensive antioxidants, flavonoids (chalcone,
naringenin, eriodictyol, dihydroquercetin) have substantial free radical scavenging ability and antioxidant activ-
ity and can block free radical chain reaction in the form of free radical receptors. At the same time, it can form
chelating substances with heavy metal ions, thereby slowing down oxidative damage®’. Moreover, flavonoids
can also interact with membrane phospholipids in plant cell membranes, preventing toxic small molecules from
entering the hydrophobic region of the phospholipid bilayer and thereby protecting the integrity of plant cell
membranes®**. In this study, it was found that the contents of most classified flavonoids (Coumestrol, Quercetin
3-beta-D-glucoside, Apigenin 7-O-glucoside, Diosmetin and (+/-) -catechin) increased with the time of Cr
stress (Table S1). These results indicated that under heavy metal stress, plants might activate their biosynthetic
pathway of flavonoids to produce a large number of reducing metabolic substances, remove a large number of
ROS induced by heavy metal stress in plants, alleviate oxidative damage in plants, and reduce membrane lipid
peroxidation. Thus, it can enhance plants’ tolerance to heavy metal stress?’. In conclusion, C. indica can resist Cr
stress mainly through carbohydrate metabolism (galactose, starch, and sucrose metabolism) in the early stage
of Cr stress (Cr7). With the extension of Cr stress time, in the middle stage of stress (Cr14), plants mainly use
plant hormone signal transduction and MAPK signaling pathway to regulate their stress response system to cope
with Cr stress jointly. In anaphase of stress (Cr21), C. indica mainly activates its Glutathione metabolism and
Phenylpropanoid The expression of genes related to biosynthesis and the accumulation of metabolites (phenyl-
propanoids, phenylalanine, flavonoids, and L-Glutamate) can jointly resist the toxicity of Cr through endogenous
and exogenous molecular response defense mechanisms, thus enhancing the tolerance of plants to Cr stress.

Conclusions

This study showed that C. indica showed corresponding changes in plant growth and physiological metabolite
levels under Cr stress at different exposure times. Due to the toxicity of Cr itself, plant growth was significantly
inhibited, the biosynthesis of photosynthetic pigments was damaged, and the expression levels of enzymes were
promoted (POD, SOD, and APX). Non-enzymes-promoted antioxidants in plants were reduced considerably. In
addition, this study revealed the molecular response mechanism of C. indica under different stress times through
transcriptome and metabolomics analysis. The results showed that C. indica maintained its energy supply through
galactose, starch, and sucrose metabolism in the early stages of stress (Cr7), it enhanced the stress resistance of
C. indica under heavy metal stress. With the extension of stress time, the plant hormone signal transduction and
MAPK signaling pathway processes of C. indica during the middle stage of stress (Cr14) are affected, thus altering
the plant growth strategy. Finally, in the later stages of stress (Cr21), C. indica mainly activates the expression of
Glutathione metabolism and Phenylpropanoid biosynthesis genes and the accumulation of antioxidant substances
(phenylalanine, flavonoids, and L-Glutamate). Both endogenous and exogenous defense mechanisms can jointly
resist Cr poisoning, enhancing the tolerance of C. indica to Cr. The results of this study are expected to provide
new insights into the growth, physiological, and molecular response mechanisms of C. indica under Cr stress.

Data availability

Sequence data that support the findings of this study have been deposited in the National Center for Biotechnol-
ogy Information with the primary accession code PRINA1040463, https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA1040463/.

Received: 3 March 2024; Accepted: 13 June 2024
Published online: 18 June 2024

References

1. Uchimiya, M. et al. Chemical speciation, plant uptake, and toxicity of heavy metals in agricultural soils. J. Agric. Food Chem. 68,
12856-12869 (2020).

2. Xing, S. P. et al. The role of rhizosphere microorganisms in enhancing chromium tolerance of host plants. Asian J. Ecotoxicol. 16,
2-14(2021).

3. Arun, K. S. et al. Chromium toxicity in plants. Environ. Int. 31, 739-753 (2005).

4. Ahmad, R. et al. Hydrogen sulfide alleviates chromium stress on cauliflower by restricting its uptake and enhancing antioxidative
system. Physiologia Plantarum 168, 289-300 (2020).

5. Yu, X. Z,, Feng, Y. X. & Liang, Y. P. Kinetics of phyto-accumulation of hexavalent and trivalent chromium in rice seedlings. Int.
Biodeteriorat. Biodegrad. 128, 72-77 (2018).

Scientific Reports |

(2024) 14:14090 | https://doi.org/10.1038/s41598-024-64877-w nature portfolio


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1040463/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1040463/

www.nature.com/scientificreports/

6. Sinha, V., Pakshirajan, K. & Chaturvedi, R. Chromium tolerance, bioaccumulation and localization in plants: An overview. Environ.
Manag. 206, 715-730 (2018).
7. Kapoor, R. T, Bani, M. M. E, Alam, P, Rinklebe, J. & Ahmad, P. Accumulation of chromium in plants and its repercussion in
animals and humans. Environ. Pollut. 301, 119044 (2022).
8. Singh, S. et al. Ecological effects, remediation, distribution, and sensing techniques of chromium. Chemosphere 307, 135804 (2022).
9. Ashraf, S. et al. Phytoremediation: Environmentally sustainable way for reclamation of heavy metal polluted soils. Ecotoxicol.
Environ. Saf. 174, 714-727 (2019).
10. Ao, M. et al. Chromium biogeochemical behaviour in soil-plant systems and remediation strategies: A critical review. J. Hazard.
Mater. 424, 127233 (2022).
11. Anastasis, C., Egli, C. G. & Andreas, M. Z. Uptake of hexavalent chromium by tomato (Solanum lycopersicum L.) plants and medi-
ated effects on their physiology and productivity, along with fruit quality and safety. Environ. Exp. Bot. 189, 104564 (2021).
12. Vibha, S., Kannan, P. & Rakhi, C. Chromium tolerance, bioaccumulation and localization in plants: An overview. J. Environ. Manag.
206, 715-730 (2018).
13. Zhang, E et al. Combined transcriptomic and physiological metabolomic analyses elucidate key biological pathways in the response
of two sorghum genotypes to salinity stress. Front. Plant Sci. 13, 880373 (2022).
14. Zhao, B., Zhu, S. X. & Xu, C. Response of physiological and ecological characteristics of Canna indica under Cr(VI) stress. Sci.
Technol. Eng. 2017(17), 44-49 (2017).
15. Wang, B. C. et al. Effects of chromium stress on the rhizosphere microbial community composition of Cyperus alternifolius. Eco-
toxicol. Environ. Saf. 218, 112253 (2021).
16. Wang, A. Y. et al. Effect of Cr (VI) stress on growth of three herbaceous plant and their Cruptake. Environ. Sci. 33, 2018-2037
(2012).
17. Wang, J. et al. Influence of Cd toxicity on subcellular distribution, chemical forms, and physiological responses of cell wall com-
ponents towards short-term Cd stress in Solanum nigrum. Environ. Sci. Pollut. Res. 28, 13955-13969 (2021).
18. Yuan, Y. et al. The role and its transcriptome mechanisms of cell wall polysaccharides in vanadium detoxication of rice. J. Hazard.
Mater. 425, 127966 (2022).
19. Zhong, M. Y. et al. Recent advances in plant response to chromium stress. Pratacult. Sci. 36, 1962-1975 (2019).
20. Wei, T. L. et al. Enhanced ROS scavenging and sugar accumulation contribute to drought tolerance of naturally occurring auto-
tetraploids in Poncirus trifoliata. Plant Biotechnol. J. 17, 1394-1407 (2019).
21. Zhang, X. M. et al. Effect of heavy metals in mixed domestic-industrial wastewater onperformance of recirculating standing hybrid
constructed wetlands (RSHCWs) and their removal. Chem. Eng. J. 379, 122363 (2020).
22. Liu, Y., Guo, P. Y. & Liao, J. H. Resistant reaction of Canna indica and Scindapsus aureum to Cr(VI) stress in purifying eutrophica-
tion water. J. Zhejiang Univ. (Sci. Edn.) 38, 78-84 (2011).
23. Dong, X. X. et al. Subcellular distribution and tolerance of cadmium in Canna indica L.. Ecotoxicol Environ. Saf. 185, 109692 (2019).
24. Xiang, H.M.,, Lan, N., Wang, EG., Zhao, B.L., Wei, H., Zhang, ].E., An effective planting model to decrease cadmium accumulation
in rice grain and plant: Intercropping rice with wetlandplants. Pedosphere 32 (2022).
25. Ibarra, A. A. G. et al. Impact of Cr(VI) on the oxidation of polyunsaturated fatty acids in Helianthus annuus roots studied by
metabolomic tools. Chemosphere 220, 442-451 (2019).
26. Jia, H. et al. Hydrogen sulfide-cysteine cycle system enhances cadmium tolerance through alleviating cadmium-induced oxidative
stress and ion toxicity in Arabidopsis roots. Sci. Rep. 6, 39702 (2016).
27. Roy, S. K. et al. Morpho-physiological and proteome level responses to cadmium stress in sorghum. PLoS One 11, 1-27 (2016).
28. Wei, E S, Yang, G. Z., Jiang, D. Z., Liu, Z. H. & Sun, B. M. Basic statistics and characteristics of background values of soil elements
in China. China Natl. Environ. Monit. Centre 01, 1-6 (1991).
29. Wei, Z. et al. Arbuscular mycorrhizal fungi alter rhizosphere bacterial community characteristics to improve Cr tolerance of Acorus
calamus. Ecotoxicol. Environ. Saf. 253, 114652 (2023).
30. Wei, Z. et al. Effects of Cr stress on bacterial community structure and composition in rhizosphere soil of iris tectorum under
different cultivation modes. Microbiol. Res. 14, 243-261 (2023).
31. Bao, S. D. Analytical Methods of Soil Agro-chemistry (China Agriculture Press, 2000).
32. Zhao, W. et al. Metagenomics reveal arbuscular mycorrhizal fungi altering functional gene expression of rhizosphere microbial
community to enhance Iris tectorum’s resistance to Cr stress. Sci. Total Environ. 895, 164970 (2023).
33. Kanehisa, M., Furumichi, M., Sato, Y., Kawashima, M. & Ishiguro-Watanabe, M. KEGG for taxonomy-based analysis of pathways
and genomes. Nucleic Acids Res. 51, D587-D592 (2023).
34. Wei, Z. et al. Integrated transcriptomics and metabolomics reveal key metabolic pathway responses in Pistia stratiotes under Cd
stress. J. Hazard. Mater. 452, 131214 (2023).
35. Su, Z. et al. Metabolomics analysis of litchi leaves during floral induction reveals metabolic improvement by stem girdling. Molecules
(Basel, Switzerland) 26, 4048 (2021).
36. Mumtaz, M. A. et al. Physiological and transcriptomic analysis provide molecular insight into 24-Epibrassinolide mediated Cr(VI)-
toxicity tolerance in Pepper plants. Environ. Pollut. 306, 119375 (2022).
37. Xu, C. C,, Li, Z. Y. & Wang, J. B. Temporal and tissue-specific transcriptome analyses reveal mechanistic insights into the Solidago
canadensis response to cadmium contamination. Chemosphere 292, 133501 (2022).
38. Pan, C. L. et al. Comparative transcriptome analysis reveals different functions of Kandelia obovata superoxide dismutases in
regulation of cadmium translocation. Sci. Total Environ. 771, 144922 (2021).
39. Chen, H. et al. Metabolomics and proteomics reveal the toxicological mechanisms of florfenicol stress on wheat (Triticum aestivum
L.) seedlings. J. Hazard. Mater. 443, 130264 (2022).
40. ElRasafi, T. et al. Cadmium stress in plants: A critical review of the effects, mechanisms, and tolerance strategies. Crit. Rev. Environ.
Sci. Technol. 52, 675-726 (2020).
41. Meng, L. et al. Integrated physiological, transcriptomic and metabolomic analysis of the response of Trifolium pratense L. to Pb
toxicity. J. Hazard. Mater. 436, 129128 (2022).
42. Verma, D,, Jalmi, S. K., Bhagat, P. K., Verma, N. & Sinha, A. K. A bHLH transcription factor, MYC2, imparts salt intolerance by
regulating proline biosynthesis in Arabidopsis. Eur. J. Biochem. 287, 25602576 (2020).
43. Wang, J. et al. Comparative cytology combined with transcriptomic and metabolomic analyses of Solanum nigrum L. in response
to Cd toxicity. J. Hazard. Mater. 423, 127168 (2022).
44. Wang, Y. et al. Changes in phenotype and gene expression under lead stress revealed key genetic responses to lead tolerance in
Medicago sativa L.. Gene 791, 145714 (2021).
45. Yu, G. et al. Integrated transcriptome and metabolome analysis reveals the mechanism of tolerance to manganese and cadmium
toxicity in the Mn/Cd hyperaccumulator Celosia argentea Linn. J. Hazard. Mater. 443, 130206 (2023).
46. Mittler, R., Zandalinas, S. I., Fichman, Y. & Van, B. . Reactive oxygen species signalling in plant stress responses. Nat. Rev. Mol.
Cell Biol. 23, 663-679 (2022).
47. Kumar, K., Raina, S. K. & Sultan, S. M. Arabidopsis MAPK signaling pathways and their cross talks in abiotic stress response. J.
Plant Biochem. Biotechnol. 29, 700-714 (2020).
48. Cutler, S. R., Rodriguez, P. L., Finkelstein, R. R. & Abrams, S. R. Abscisic acid: Emergence of a core signaling network. Annu. Rev.
Plant Biol. 61, 651-679 (2010).
Scientific Reports|  (2024) 14:14090 | https://doi.org/10.1038/541598-024-64877-w nature portfolio



www.nature.com/scientificreports/

49. Sharma, A. et al. Chromium bioaccumulation and its impacts on plants: An overview. Plants 9, 100 (2020).

50. Xian, J. P, Wang, Y., Niu, K. J., Ma, H. L. & Ma, X. Transcriptional regulation and expression network responding to cadmium
stress in a Cd-tolerant perennial grass Poa Pratensis. Chemosphere 250, 126158 (2020).

51. Guo, X. et al. Coordination between root cell wall thickening and pectin modification is involved in cadmium accumulation in
Sedum alfredii. Environ. Pollut. 268, 115665 (2021).

52. Adams, Z. P, Ehlting, J. & Edwards, R. The regulatory role of shikimate in plant phenylalanine metabolism. J. Theor. Biol. 462,
158-170 (2019).

53. Li, C. H. et al. Contrasting detoxification mechanisms of Chlamydomonas reinhardtii under Cd and Pb stress. Chemosphere 274,
129771 (2021).

54. Hasanuzzaman, M. et al. Reactive oxygen species and antioxidant defense in plants under abiotic stress: Revisiting the crucial role
of a universal defense regulator. Antioxidants 9, 681 (2020).

55. Guo, Z. H., Zeng, P, Xiao, X. Y. & Peng, C. Physiological, anatomical, and transcriptional responses of mulberry (Morus alba L.)
to Cd stress in contaminated soil. Environ. Pollut. 284, 117387 (2021).

56. Singh, S., Parihar, P, Singh, R., Singh, V. P. & Prasad, S. M. Heavy metal tolerance in plants: Role of transcriptomics, proteomics,
metabolomics, and ionomics. Front. Plant Sci. https://doi.org/10.3389/fpls.2015.01143 (2016).

57. Yuan, J., Liu, R., Sheng, S., Fu, H. & Wang, X. Untargeted LC-MS/MS-based metabolomic profiling for the edible and medicinal
plant Salvia miltiorrhiza under different levels of cadmium stress. Front. Plant Sci. 28, 889370 (2022).

58. Feng, Z., Ji, S. Y., Ping, J. F. & Cui, D. Recent advances in metabolomics for studying heavy metal stress in plants. TrAC. Trends
Anal. Chem. 143, 116402 (2021).

Acknowledgements

This study is financially supported by the supported by Guizhou Provincial Science and Technology Projects in
2024, China (Foundation of Guizhou science cooperation-ZK[2024] General 490), and by the National Natural
Science Foundation of China (31560107).

Author contributions
Writing-original draft, Wei Zhao; Investigation, Yang Xiuqin; Methodology, Luying Sheng and Huan Mao; Soft-
ware, Suxia Sun; Writing-review & editing, Zhu Sixi and Chen Zhongbing.

Fundin

This stud)? is financially supported by the supported by Guizhou Provincial Science and Technology Projects in
2024, China (Foundation of Guizhou science cooperation-ZK[2024] General 490), and by the National Natural
Science Foundation of China (31560107) and 2024 Guizhou Basic Research Plan (Natural Science) project,
China, (202442924814811233).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-64877-w.

Correspondence and requests for materials should be addressed to S.Z.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:14090 | https://doi.org/10.1038/s41598-024-64877-w nature portfolio


https://doi.org/10.3389/fpls.2015.01143
https://doi.org/10.1038/s41598-024-64877-w
https://doi.org/10.1038/s41598-024-64877-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Integrated transcriptome and metabolomics analyses revealed key functional genes in Canna indica under Cr stress
	Materials and methods
	Plant cultures and Cr treatment
	Cr content in soil and plants
	Soil indicator and physiological index of plants
	Soil physicochemical properties
	Analysis of plant physiological and biochemical indicators

	Transcriptome analysis
	Metabolomics analysis
	Expression analysis using quantitative RT-PCR
	Statistical analysis

	Results
	Physiological changes and Cr accumulation of C. indica under Cr stress
	Metabolomic analysis
	Metabolic changes of C. indica roots under Cr stress
	Cluster analysis of DEMs in the roots of C. indica
	Analysis of enrichment of KEGG functional pathway in DEMs in C. indica roots

	Transcriptomic analysis
	Gene function annotation
	Analysis of differentially expressed genes (DEGs) and changes in gene expression
	KEGG and GO functional enrichment analysis of DEGs
	Analysis of co-expression network of transcription factors and weighted genes
	Validation of the DEGs results by qRT-PCR analysis


	Discussion
	Physiological response changes of C. indica under Cr stress
	Transcriptional metabolic response of C. indica to Cr stress under time series

	Conclusions
	References
	Acknowledgements


