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Abstract
Cadmium (Cd) stress is one of the most serious threats to agriculture in the world. Oilseed rape (Brassica napus L.) is an
important oil crop; however, Cd can easily accumulate in rapeseed and thus harm human health through the food chain. In
the first experiment, our purpose was to measure the Cd accumulation in mature B. napus plants and its influences on fatty
acid composition. The results showed that most Cd was accumulated in the root, and the seed fatty acid content was
considerably different at different Cd toxicity levels. In the second experiment, 7-day-old B. napus seedlings stressed by
Cd (1 mM) for 0 h (CK-0h), 24 h (T-24h), or 72 h (T-72h) were submitted to physiological and biological analyses, RNASeq and qRT-PCR. In total, 5469 and 6769 differentially expressed genes (DEGs) were identified in the comparisons of
BCK-0h vs T-24h^ and BCK-0h vs T-72h^, respectively. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses showed that the photosynthetic and glutathione (GSH) pathways were significantly
enriched in response to Cd stress. Key factors in the response to Cd stress included BnPCS1, BnGSTU12, BnGSTU5, and
BnHMAs. The transcription factors BnWRKY11 (BnaA03g51590D), BnWRKY28 (BnaA03g43640D), BnWRKY33
(BnaA03g17820D), and BnWRKY75 (BnaA03g04160D) were upregulated after Cd exposure. The present study revealed
that upregulation of the genes encoding GST and PCS under Cd stress promoted the formation of low-molecular weight
complexes (PC-Cd), and upregulation of heavy metal ATPase genes induced PC-Cd transfer to vacuoles. These findings
may provide the basis for the molecular mechanism of the response of B. napus to Cd.
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Introduction
As the rapid development of industry and agriculture has
resulted in long-term emissions of waste, a large amount
of heavy metal pollution has been released into water, soil,
and air, leading to increasingly severe environmental problems (Clemens and Ma 2016). Cd contamination is one of
the most serious forms of heavy metal pollution because Cd
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is a nonessential element that is highly toxic to most plant
growth. Furthermore, Cd has high mobility in the soil (Hall
2002; Han et al. 2002). When accumulated excessively in
plants, Cd affects the absorption of mineral elements (Liu
et al. 2003), alters photosynthesis (Chandra and Kang 2016)
and antioxidant enzyme activity (Iannelli et al. 2002), and
even causes death (Yan et al. 2016). Cd is absorbed by plant
roots, loaded into the xylem, and transported and accumulated in different tissues, such as stems, leaves, and seeds
(Liu et al. 2010; Uraguchi et al. 2009). This toxin seriously
affects yield and quality of crops and even endangers human
health through the food chain (Li et al. 2017).
When plants are exposed to Cd stress, the response mechanisms include two aspects: avoidance and tolerance
(Chalhoub et al. 2014). On the one hand, plants attempt to
reduce intracellular (specifically, protoplast) Cd content
through strategies such as cell wall immobilization and redistribution; on the other hand, plants must reduce the cytotoxic
effects of Cd, which involves processes such as complex
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detoxification, antioxidant enzyme activity, and vacuole
partitioning. The mechanisms of Cd tolerance in plants, as
proposed by many researchers, are as follows. First, plant cell
walls are the first barrier to the entry of Cd. Main components
of the cell wall are cellulose and polysaccharides, which absorb and immobilize Cd ions, thereby reducing the number of
Cd ions entering the protoplast (Caffall and Mohnen 2009;
Hall 2002; Nocelli et al. 2016). Leita et al. (1996) characterized the chemical forms of Cd and determined its content in
roots and leaves of bush bean, demonstrating that most Cd
was bound to pectin sites and histidyl groups after immobilization in the cell wall. The Cd distribution in the leaves of
Sedum alfredii after treatment with 500 μM CdCl2 for 8 days
was observed by using transmission electron microscopy, and
most of the Cd was also found to accumulate in the cell wall
(Zhang et al. 2010). Second, chelation and sequestration are
crucial strategies in the detoxification of Cd (Cobbett and
Goldsbrough 2002; Cobbett 2000; Verbruggen et al. 2009).
When plants are exposed to Cd stress, many specific lowmolecular weight chelators are synthesized rapidly in large
quantities. Phytochelatins (PCs) are the main ligands that bind
to Cd ions in plants; these molecules are synthesized from
glutathione (GSH) in a process catalyzed by PC synthase
(PCS), which plays a very important role in Cd tolerance
(Clemens 2006; Cobbett 2000). Overexpressing AsPCS1 can
increase PC accumulation and Cd stress tolerance in
Arabidopsis thaliana (Guo et al. 2008), and the expression
of wheat TaPCS1 in yeast cells makes the yeast significantly
more resistant to Cd (Clemens et al. 1999).
Oilseed rape (Brassica napus L., Cruciferae) is one of the
most important oil crops in the world. Many studies of heavy
metal stress in cruciferous crops have concentrated on mustard
(Bauddh and Singh 2011; Choudhury et al. 2016) and
Brassica juncea (Fusco et al. 2005; Sarker et al. 2015), while
few studies have focused on B. napus. The study of Cd stress
in B. napus has great significance for understanding the mechanisms of the response to heavy metal poisoning. The roles of
many key genes, such as BnPCS, BnGST, and BnHMAs, in
response to Cd have not been well documented in B. napus.
First, to check Cd accumulation in different tissues (root,
lower stem, upper stem, lower leaf, upper leaf, and seed) and
the fatty acid content in seeds, 150-day-old B. napus plants
were exposed to different concentrations of Cd stress for
67 days until harvest. Then, to investigate physiological and
biological responses and the molecular mechanisms of
B. napus response to Cd stress, 7-day-old, Cd-treated, and
well-watered B. napus plants were submitted to analysis of
physiological and biological analysis and RNA-Seq.
Ultimately, the transcriptomic analysis and physiological indexes were combined to reveal target genes and transporters
related to Cd absorption and metabolism in B. napus. The
results of this study may provide a theoretical basis for Cd
stress tolerance in oilseed rape.

Materials and methods
Plant culture and Cd stress treatment
In the first experiment, B. napus plants were grown in the
breeding nursery of Southwest University in Beibei (29°
39′ N, 106° 36′ E), Chongqing, China. We chose 150-dayold plants with the same phenotype growing in the same
field and transplanted them into pots. To keep the intact
roots and previous growing conditions, the soil and the
plants were transferred together. The 150-day-old
B. napus plants were large with a big biomass and could
tolerate higher external Cd stress. We wanted to explore
whether the Cd accumulation increased as Cd concentration increased. Therefore, a wide range of concentrations
(0, 0.5, 2, 5, and 10 mM) was applied by irrigation in the
form of CdCl2 for 67 days until harvest. Each Cd concentration stress contained four plants (four replicates).
Roots, lower stems, upper stems, lower leaves, upper
leaves, and seeds were collected after harvest and used
to determine the Cd content. Seeds were used to measure
the fatty acid content.
In the second experiment, seeds of B. napus (Zhongshuang
11) were surface-sterilized and germinated on petri dishes
with deionized water. To explore the response of rapeseed to
Cd, preliminary tests were conducted according to the protocols used in previous studies (Anjum et al. 2015;
Hasanuzzaman et al. 2017; Yue et al. 2016). In preliminary
tests, five concentrations of Cd (50, 100, 200, 500, and
1000 μM) were used, with no obvious morphological change
at 500 μM Cd by 10 days, but the leaves etiolated and wilted
at 1000 μM Cd. After these preliminary tests, a 1-mM CdCl2
solution and treatment periods of 0, 24, and 72 h were selected. The seedlings were grown at 22 ± 1 °C with a light intensity of 200 mol/m2/s and a 16-h photoperiod for 7 days in
hydroponic culture. Subsequently, the plants were collected
after the stress of 1 mM Cd (CdCl2) at 0, 24, and 72 h and
immediately frozen in liquid nitrogen and stored at − 80 °C for
physiological and biochemical analyses, RNA sequencing,
and qRT-PCR.

Cd and fatty acid content measurements
The plant samples (root, lower stem, lower leaf, upper stem,
upper leaf, and seed) were thoroughly rinsed with deionized
water and blotted dry. Before weighing and digesting with
nitric acid and perchloric acid (HNO3:HClO4 = 4:1, v/v), samples were dried in a forced air dryer at 70 °C. An atomic
absorption spectrophotometer (AA6300, Shimadzu, Japan)
was used to quantify the Cd content of the samples. The fatty
acid content of the seeds was measured by a near-infrared
spectrometer (NIR System 6500, FOSS, Sweden).
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Physiological and biochemical analyses
Malondialdehyde (MDA) content was assessed by using the
method of Heath and Packer (1968). Samples (0.2 g) were
homogenized in 5 mL of 10% trichloroacetic acid, and the
homogenate was centrifuged at 4000 r/min for 10 min. Two
milliliters of the supernatant was added to 2 mL of 0.67%
thiobarbituric acid solution, mixed well, heated in a 100 °C
boiling water bath for 15 min, cooled, and centrifuged at
3500 r/min for 5 min. Then, the absorbance was measured at
450 nm, 532 nm, and 600 nm, and MDA content was assessed
by using the method of Heath and Packer (1968).
Proline levels were calculated according to method described by Bates et al. (1973). Samples (0.2 g) were weighed,
added to 10 mL of 3% sulfosalicylic acid, ground into a homogenate, heated in boiling water for 10 min, and cooled. The
homogenate was centrifuged at 4000 r/min for 10 min; then,
2 mL supernatant was added to 2 mL of acetic acid and 3 mL
of 25% acid ninhydrin solution, and the solution was placed in
a boiling water bath for 40 min. Last, the solution was cooled
and extracted with 5 mL of toluene. The absorbance was measured at 520 nm, and the proline content was calculated according to the formula of Bates et al. (1973).
Superoxide dismutase (SOD) activity was determined by
using the BSOD Detection Kit^ (SOD-2-Y) purchased from
Suzhou Comin Biotechnology Co., Ltd. Fresh samples (0.1 g)
were added to 1 mL lysate and ground to homogenate on ice,
followed by centrifugation at 8000×g for 10 min at 4 °C.
Then, 90 μL of the supernatant was sequentially added to each
of the reaction solutions one, two, three, and four to a final
volume of 240, 510, 66, and 180 μL, respectively. The mixture was thoroughly mixed and allowed to stand at room temperature (23 °C) for 30 min, and the absorbance was measured
at 560 nm. The SOD enzyme activity in the reaction system
was defined as an enzyme activity unit (U/mL) when the percentage of inhibition in the reaction system was 50%.
Peroxidase (POD) activity was checked by using the BPOD
Detection Kit^ (POD-2-Y) purchased from Suzhou Comin
Biotechnology Co., Ltd. Fresh samples (0.1 g) were added
to 1 mL lysate and ground to homogenate on ice, followed
by centrifugation at 8000×g for 10 min at 4 °C. Then, 15 μL of
the supernatant was added to the preheated (25 °C) reagents
one, two, and three to final volumes of 520, 130, and 135 μL,
respectively. Finally, 270 μL of distilled water was added and
mixed. The two absorbances of A1 and A2 were recorded at
30 s and 90 s, respectively, at 470 nm. A change of 0.01 per
minute per gram tissue per milliliter of reaction system was
defined as a POD activity unit.
Hydrogen peroxidase (CAT) activity was measured by
using the BCAT Detection Kit^ (CAT-2-Y) purchased from
Suzhou Comin Biotechnology Co., Ltd. Fresh samples
(0.1 g) were added to 1 mL extraction solution of this kit
and ground to homogenate on ice, followed by centrifugation

at 8000×g for 10 min at 4 °C. After adding 1 mL of CAT
detection working solution to 35 μL supernatant and mixing
for 5 s, the absorbance of A1 was immediately measured at
240 nm and A2 after 1 min. Degradation of 1 nmol H2O2 per
minute per gram of tissue was defined as a CAT activity unit.
The nonprotein thiol (NPT) content in tissues was estimated according to the method of Devi and Prasad (1998). Fresh
samples (0.1 g) were weighed, added to 2 mL ice-cold 5% (w/
v) sulfosalicylic acid, ground to homogenate on ice, and centrifuged at 3000 rpm for 15 min. Next, 300 μL of the supernatant was mixed with 2 mL of 0.2 M Tris-HCl, pH 8.2, and
0.15 mL of 10 mM 5,5′-dithiobis-(2-nitrobenzoic acid)
(DTNB) and then incubated for 20 min. The absorbance was
recorded at 412 nm, and the NPT content was calculated according to the formula of Devi and Prasad (1998).
The reduced GSH content was determined according to
Hissin and Hilf (1976). The samples (0.1 g) were ground in
1 mL of 25% H3PO3 and 3 mL of 0.1 M sodium phosphateEDTA buffer (pH 8.0). The homogenate was centrifuged at
10,000×g for 20 min. The supernatant was retained and diluted four times with sodium phosphate-EDTA buffer (pH 8.0).
Then, the diluted supernatant (100 μL) was mixed with additional phosphate-EDTA buffer (1.8 mL) and 100 μL of ophthalaldehyde (1 mg/1 mL). At last, the mixture was incubated for 15 min at room temperature, and then the absorbance
of the solution was measured at 412 nm using spectrophotometer. The GSH content was calculated according to the formula of Hissin and Hilf (1976).
The total chlorophyll content in the leaf tissues was measured
according to the method of Yin et al. (2008). Leaf tissue (0.1 g)
was homogenized in 5 mL mixture (acetone:ethanol:water =
4.5:4.5:1 v/v/v), extracted in the dark for 8–12 h, and centrifuged
at 3500 r/min for 10 min. Then, the absorbance of the supernatant
was measured at 652 nm. The total chlorophyll content was
measured according to the method of Yin et al. (2008).

Data analysis
Analyses of the means from three individual experiments and
the significant differences by Duncan’s multiple range test
were performed with SPSS 17.0. The level of significance
(α) was set at 0.01 and 0.05.

RNA sequencing and analysis
Total RNA was extracted from rapeseed seedlings after 0, 24, and
72 h of Cd treatment using EZ-10 RNA Miniprep Kits (Sangon
Biotech Co., Ltd., Shanghai, China). The Agilent Bioanalyzer
2100 system (Agilent Technologies, CA, USA) was used to assess RNA integrity. High-quality RNA from all three samples was
obtained by Biomarker Technologies Co., Ltd. (Beijing, China),
for RNA sequencing and analysis. TopHat2 software was used
for reference genome (Brassica_napus v4.1) mapping.
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The fragments per kilobase of exon per million fragments
mapped (FPKM) method was used to represent the levels of
gene expression. The EBSeq package of R was used to analyze the differentially expressed genes (DEGs) with a FDR
(false discovery rate) < 0.05 and |log2(fold change)| ≥ 1. The
GOseq R package (Young et al. 2010) was used to perform the
GO enrichment analysis of the DEGs, and DEG enrichment in
KEGG pathways was assessed using the software KOBAS
(Mao et al. 2005). The raw data of RNA-Seq have been
uploaded to NCBI under the accession number SRP133546.

Validation of RNA-Seq data
A quantitative reverse-transcription (qRT) PCR experiment
was performed to verify the differential expression levels of
DEGs measured by RNA-Seq. Primers were designed using
Primer Premier 5 and synthesized by Sangon Biotech
(Shanghai) Co., Ltd. (Shanghai, China). The software Primer
Premier 5.0 was used to design specific primers for quantitative RT-PCR (Table S10) and qPCR was performed using a
Bio-Rad CFX96 Real-time System with SYBR® Green PCR
Supermix (CA, USA). Each reaction contained 10 μL of
SYBR Supermix, 0.4 μL of each primer (10 μM), 7.2 μL of
H2O, and 2 μL of cDNA in a final volume of 20 μL. Three
technical replicates were used for each reaction. The following
program for qPCR was used: 98 °C for 30 s, followed by
40 cycles of 98 °C for 10 s and 60 °C for 30 s. BnActin7 gene
was used as a control. To verify the expression levels detected
by RNA-Seq, the RNA-Seq data were compared to the data
obtained by qRT-PCR.

Results
Cd accumulation in different tissues and fatty acid
content in seeds
The data revealed that the Cd content of different tissues increased significantly with increased exogenous Cd concentration (Fig. 1). Most of the Cd was fixed in roots, while the seeds
contained the least amount of Cd (Fig. 1). The fatty acid content
of seeds under normal conditions and Cd stress was measured.
The stearic acid, palmitic acid, oleic acid, arachidonic acid,
linoleic acid, high oleic acid, and fat content in the rapeseed
seeds underwent significant changes (Table S1). At a Cd concentration of 10 mM, the palmitic acid content was significantly
lower than at 0.5 and 2 mM Cd. Under external application of
5 mM Cd, the stearic acid content was greatly and significantly
increased compared with that in the control (P < 0.01). The
linoleic acid and arachidonic acid contents decreased significantly at the 5 and 10 mM Cd concentrations, while the oleic
acid, high oleic acid, and fat contents increased significantly
compared with those in the control (Table S1). However, no

significant changes were found in the erucic acid, glucosinolate,
or protein content of seeds under Cd treatment (Table S1).

Physiological and biochemical responses to Cd stress
in B. napus
The values of MDA were significantly increased after 24 and
72 h of Cd stress (Fig. 2a). The seedlings contained 9.59 μg/g
and 20.52 μg/g proline in the fresh samples at 24 and 72 h,
respectively, while the amount in control seedlings was
6.54 μg/g (Fig. 2b). The proline content increased at 72 h with
a high degree of significance (P < 0.01). The total chlorophyll
content of the leaves exhibited a large and significant decrease
(P < 0.01) at 72 h of Cd stress, but not at 24 h (Fig. 2c). A
significant decrease in CAT activity was observed after 72 h of
CdCl2 treatment (Fig. 2f). However, a significant increase in
POD activity compared to that in the controls was found after
72 h of treatment (Fig. 2e). SOD activity increased at 24 h and
then showed a decrease at 72 h (Fig. 2d). NPT was increased
by 33.06%, and reduced GSH was decreased by 33.36% after
72 h of treatment with 1 mM CdCl2 (Fig. 2g, h). The NPT and
GSH contents were little changed at 24 h, whereas the difference between the two was extremely significant (P < 0.01) at
72 h (Fig. 2g, h).

Identification of DEGs under Cd stress
The Q20, Q30, and GC contents of raw data (raw reads) were
calculated, and clean data (clean reads) with high-quality reads
were obtained after removing low-quality sequences. The
clean reads were mapped to the reference genome sequence
(Brassica_napus v4.1). After sequencing quality control,
18.54 Gb clean data were obtained, and the Q30 base percentage of each sample was not less than 86.66% (Table 1). An
FDR < 0.01 and fold change (FC) ≥ 2 were used to identify
DEGs. A total of 9254 DEGs were detected by RNA-Seq after
screening (Table S2). The sequencing results were compared
as three sets, BCK-0h vs T-24h,^ BCK-0h vs T-72h,^ and BT24h vs T-72h.^ The distribution of DEGs was displayed in a
Venn diagram, which emphasized that 525 DEGs were commonly identified among the three DEG sets (Fig. 3a). There
were 5469 DEGs, 2763 upregulated and 2706 downregulated,
after 24 h of Cd exposure, while 6769 DEGs, 3529 upregulated and 3240 downregulated, were present at 72 h (Fig. 3b;
Table S3). At the early stage (24 h) of Cd stress, some genes
were not expressed, but as the stress was prolonged, differential expression of these genes occurred. At the same time, the
abundances (FPKM) of all DEGs were analyzed; most of the
expression levels of the DEGs were moderate, with only a
small number of genes showing lower or higher expression
levels (Fig. 3c; Table S2). After 72 h of Cd treatment, both
upregulated and downregulated DEGs were more abundant
than those in the other two DEG sets (Fig. 3b). Therefore,
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Fig. 1 Cd accumulation in a root,
b lower stem, c lower leaf, d
upper stem, e upper leaf, and f
seed at different Cd
concentrations. g Cd content in
different tissues at the same
concentration. The lowercase
letters and capital letters represent
significance (α) at 0.05 and 0.01,
respectively; the error bars
indicate the standard deviations
(SDs). DW represents dry weight
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Fig. 2 Physiological and
biochemical index analyses of
Brassica napus L. in response to
cadmium stress. a–c The MDA,
proline, and chlorophyll content
of B. napus exposed to 1 mM
CdCl2 for 24 and 72 h. d–f The
activities of SOD, POD, and CAT
in B. napus exposed to 1 mM
CdCl2 for 24 and 72 h. g–h The
NPT and GSH content after 24
and 72 h of Cd exposure. Rape
seedlings grown under normal
conditions (0 h) were used as
controls. The experiments were
repeated three times, and significant differences were calculated
by using Duncan’s new multiple
range test. The lowercase letters
and capital letters represent significance (α) at 0.05 and 0.01,
respectively; the error bars indicate the standard deviations
(SDs). FW represents fresh
weight

our study focused on the changes at the late stage (72 h) compared to the control in the following analyses.

GO enrichment analysis of DEGs
The results suggested that 5097 (93.20%), 6330 (93.51%),
and 2456 (92.33%) DEGs in the BCK-0h vs T-24h,^ BCK0h vs T-72h,^ and BT-24h vs T-72h^ comparisons, respectively, were annotated (Table S4). The total number of DEGs
annotated at 72 h was 24.19% more than that at 24 h, with

27.87% and 20.44% more upregulated and downregulated
genes (Table S4), respectively, indicating that more genes
were involved in tolerance to Cd ions at the late stage
(72 h). Cd ions entered the plant through the roots, and a series
of complex physiological and biochemical reactions were detected. The domains biological process (BP), cellular component (CC), and molecular function (MF) were all included in
the GO analysis. At both the early (24 h) and late periods
(72 h) of Cd stress, the DEGs were mainly enriched in Bcell
part,^ Bmembrane,^ Borganelle part,^ Btransporter activity,^
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Table 1 RNA-Seq data statistics. CK-0h: well-watered control; T-24h:
samples after 24 h treatment; T-72h: samples after 72 h treatment. Clean
reads: total number of paired-end reads in the clean data; Clean bases:
total number of bases in the clean data; GC content: percentage of G and
C bases in the clean data; % ≥ Q30: percentage of bases with quality
values greater than or equal to 30 in the clean data
Clean reads

Clean bases

GC content (%)

% ≥ Q30

CK-0h

21104563

6.294E+09

0.4773

0.8726

T-24h
T-72h

20744155
20283819

6.194E+09
6.057E+09

0.471
0.4714

0.8755
0.8666

Samples

Cd exposure (72 h) (Fig. 4b; Table S6). A total of 118 DEGs,
with 116 downregulated and two upregulated, were related to the
KEGG term Bphotosynthesis (ko00195)^ at 72 h (Table S7). In
addition, 40 significantly downregulated genes related to photosystem I subunits were found (Table S8). Among them, three
genes had log2FC > 3.5: BnaC06g07480D (photosystem I subunit G), BnaC08g43200D (photosystem I subunit O), and
BnaA06g00210D (photosystem I subunit G) (Table S8).

DEGs related to GSH
Bcellular process,^ Bmetabolic process,^ Bresponse to
stimulus,^ and Bbiological regulation^ (Fig. 3a, b).
As shown by the topGO data, DEGs were mainly involved in
response to chitin (GO:0010200), response to far-red light
(GO:0010218), rRNA processing (GO:0006364), chloroplast
envelope (GO:0009941), extracellular region (GO:0005576),
chloroplast stroma (GO:0009570), chlorophyll binding
(GO:0016168), and GSH transferase activity (GO:0004364) at
the early stage (24 h) of Cd stress (Table S5). However, at the late
stage (72 h) of Cd stress, the DEGs were mainly concentrated in
extracellular region (GO:0005576), apoplast (GO:0048046),
plant-type cell wall (GO:0009505), chloroplast envelope
(GO:0009941), chlorophyll binding (GO:0016168), heme binding (GO:0020037), GSH transferase activity (GO:0004364), and
peroxidase activity (GO:0004601) (Table S5).

After 72 h of Cd stress, total chlorophyll content in leaves had
decreased significantly (Fig. 2c). Through KEGG analysis,
Bphotosynthesis^ (q value = 0) and Bphotosynthesis—antenna
proteins^ (q value = 1.24e−44) were significantly enriched under

A total of 5 and 13 GO terms involved in GSH biosynthesis
were found in BP and MF, respectively, at 72 h (Table S5).
The majority of glutathione S-transferase (GST) related DEG
expression was elevated after Cd treatment (Fig. 5a). Seventyone DEGs (58 upregulated and 13 downregulated) were
enriched in GSH metabolism (ko00480) at 72 h (Fig. 5e;
Table S7). Furthermore, of the 58 upregulated genes, 42 were
related to GST (Table S9). Among them, the genes with high
differential expression ratios (log2FC > 4.0) in BCK-0h vs
T-72h^ were BnaA02g35760D (GSH S-transferase tau 12
(GSTU12)), BnaC04g13950D (GSH S-transferase tau 5
(GSTU5)), and BnaA02g35770D (GSH S-transferase tau 11
(GSTU11)) (Fig. 5c; Table S9). The relative expression levels
(log2FC) of key genes in PC synthesis pathway were validated by qRT-PCR (Fig. 5c). Increased BnGSH2 expression led
to the synthesis of more GSH from glutamate, lysine, and
arginine (Fig. 5b, c). GSH, when catalyzed by GST, forms
low-toxicity compounds with Cd ions (Fig. 5b). BnGSTU12
and BnGSTU5 increased at 24 h and maintained a high level at
72 h (Fig. 5c), which suggested that these GST-coding genes
may play important roles in response to Cd stress in B. napus.
Upregulation of BnPCS1 also promoted the GSH-based synthesis of PC, which also forms low-molecular weight complexes (PC-Cd) that reduce Cd toxicity (Figs. 5c and 6).

Fig. 3 Analysis of differentially expressed genes (DEGs). a Venn
diagram showing the numbers of genes differentially expressed in three
DEG sets of B. napus after Cd stress (false discovery rate < 0.01). Genes
differentially expressed in both DEG sets are represented by overlapping

segments. b Numbers of upregulated and downregulated DEGs in each
DEG set. Red and blue colors indicate up- and downregulated transcripts,
respectively. c The expression levels of all DEGs identified in the three
samples (CK-0h, T-24h, and T-72h)

DEGs related to key biological processes
DEGs related to photosynthesis
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Fig. 4 Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis of differentially expressed genes (DEGs). See also Table S6. a–c
The 20 pathways with the most significant enrichment. Each circle represents a KEGG pathway, the ordinate represents the pathway name, and the
abscissa represents the enrichment factor, which compares the ratio of
genes annotated to a pathway among the DEGs to the ratio of genes
annotated to that pathway among all genes. The larger the enrichment
factor, the more significant the enrichment of DEGs in the pathway. The

color of the circle represents the q value, and smaller q values indicate
more reliable enrichment significances of the DEGs in the pathway; the
size of the circle represents the number of genes enriched in the pathway,
and larger circles represent larger numbers of genes. a–c The DEG sets
BCK-0h vs T-24h,^ BCK-0h vs T-72h,^ and BCK-24h vs T-72h,^ respectively. d–f The numbers of genes in the top 10 metabolic pathways with
the lowest q values. d–f The DEG sets BCK-0h vs T-24h,^ BCK-0h vs
T-72h,^ and BCK-24h vs T-72h,^ respectively.

DEGs related to HMAs

were detected at 72 h compared with CK (Table S10). In addition, BnWRKY11 (BnaA03g51590D), BnWRKY28
(BnaA03g43640D), BnWRKY33 (BnaA03g17820D), and
BnWRKY75 (BnaA03g04160D) were upregulated at both 24
and 72 h (Table S10). Some WRKY genes were only expressed
significantly at 72 h, and only one was upregulated at 24 h
(Table S10).

This study identified four upregulated DEGs related to heavy
metal ATPases (HMAs). Among them, three DEGs
(BnaAnng31630D, BnaC07g02460D, and BnaC07g02470D)
were significantly expressed at both 24 and 72 h, and only one
DEG (BnaC09g28870D) was markedly upregulated at 72 h
(Table S10).

Validation of RNA-Seq data
DEGs related to TFs
Our study revealed that 237 DEGs were mapped to 35 TF families, of which ethylene-responsive factor (ERF), MYB, C2H2,
and WRKY contained 36, 35, 23, and 14 DEGs, respectively
(Fig. S1). A total of 134 TFs showed markedly altered expression
at 24 h, with 37 TFs upregulated and 97 downregulated compared with CK (Table S12). Compared with CK, 159 TFs were
significantly differentially expressed at 72 h, with 59 upregulated
and 100 downregulated (Table S12). TFs played a crucial role in
the regulation of Cd stress, according to our transcriptome results.
The GO term Bsequence-specific DNA binding transcription factor activity^ (GO:0003700) was significantly enriched, and 5882
DEGs were annotated at 72 h from topGO results (Table S13). A
total of 14 WRKYs, with 9 upregulated and 2 downregulated,

Eighteen genes, including 15 upregulated and three downregulated genes, were selected for qRT-PCR analysis (Table S11).
To further verify the expression of these key genes in response
to Cd stress in B. napus, five different varieties of B. napus
were randomly selected: Zhongyouza 11, Ningza 1818,
Fengyou 737, Xiangzayou 188, and Zhuoyou 058, named
Z003, Z005, Z006, Z008, and Z009, respectively. The gene
expression levels (log2FC) found by qRT-PCR were consistent with those found by RNA-Seq (R2 = 0.8067, P < 0.0001)
(Fig. 7a), and the reliability of the data provided by RNA-Seq
was confirmed. Fifteen genes were randomly selected from
these 18 genes for qRT-PCR in the five varieties, and most
of them were expressed in the same manner, with a few differences (Fig. 7b; Table S14).
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Fig. 5 Analysis of the key genes in the glutathione pathway. a Heat map
of genes related to GST at three time points. The red and blue colors
indicate high and low expression levels (log2 FPKM), respectively. b

The PC synthesis pathway, which is involved in Cd detoxification. c
The relative expression levels (log2 fold change) of key genes in the PC
synthesis pathway by qRT-PCR

Discussion

its high toxicity and mobility (Xu et al. 2017). The half-life of
Cd in organisms is long; therefore, it can easily enter and accumulate in the human body through the food chain (Yue et al.
2016). To date, the response of B. napus to Cd has been little

Cd, a nonessential element for plant growth and development,
can easily migrate to various tissues and even into grains, due to
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Fig. 6 A possible model of response to cadmium stress in B. napus.

studied. The accumulation of Cd in various tissues and seed
fatty acid content was examined in mature B. napus plants. A
majority of Cd accumulated in the roots (Fig. 1). To avoid the
influence of external environmental factors, seedlings grown in
incubators were chosen for the analysis of physiological and
biological indicators, RNA sequencing and qRT-PCR. The

antioxidant system, cell membrane, and enzyme activities were
damaged by Cd stress, and seedlings actively responded to this
damage (Fig. 2). By analysis of RNA-Seq data, 9254 DEGs
were identified (Table S2). Among these DEGs, 3529 genes
were upregulated and 3240 were downregulated in the BCK0h vs T-72h^ (Fig. 3b). More DEGs were observed in BCK-0h

Fig. 7 Validation of differentially expressed genes (DEGs) by qRT-PCR.
a DEGs with specific functions were selected and validated by qRT-PCR.
b Fifteen key genes in response to Cd stress were selected to validate the
reliability of the results in five lines of B. napus. Z003, Z005, Z006, Z008,

Z009, and ZS11 represent the lines Zhongyouza 11, Ningza 1818,
Fengyou 737, Xiangzayou 188, Zhuoyou 058, and Zhongshuang 11,
respectively. Up- and downregulated transcripts are indicated in red and
gray, respectively
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Fig. 8. Gene Ontology (GO) analysis and functional classification of differentially expressed genes (DEGs) in BCK-0h vs T-24h^ (a) and BCK-0h vs
T-72h^ (b)

vs T-72h^ than in BCK-0h vs T-24h^ (Fig. 3b), indicating that
more complex molecular mechanisms occurred at the late stage
(72 h) of Cd stress and transcriptional regulation during this
period was more complicated. GO enrichment analysis indicated that the terms cell part, membrane, organelle part, Bcatalytic
activity,^ and others were significantly enriched at 24 and 72 h
(Fig. 8a, b). Pathway analysis revealed that the GSH and photosynthetic pathways were significantly enriched at 72 h compared to those in the control (CK-0h) (Fig. 5b, e).

Antioxidant response
Under normal conditions, the level of reactive oxygen species
(ROS) remains low and does not pose a hazard to plants.
However, ROS metabolism is blocked after Cd stress is detected. Excess ROS, such as superoxide anion, hydroxyl ion, and
hydrogen peroxide, accumulate in the cell, causing membrane
lipid peroxidation, disrupting the electron transport chain, and
leading to oxidative damage in plants (Hasanuzzaman et al.
2017). Cd stress can cause oxidative stress in plants (Bernard
et al. 2016). When Cd ions arrive at the cell, some are bound by
the cell wall, and others enter the cell via transmembrane proteins (Fig. 7). The increased proline and MDA contents indicated that B. napus is sensitive to Cd (Fig. 2a, b). Our findings
are similar to those of Ali et al. (2013), who demonstrated that
the MDA content decreased after Cd stress with 100 and
500 μM. POD activity significantly increased at 72 h, and the
activity of SOD increased at 24 h but decreased at 72 h (Fig. 2d,
e). Our results also support the findings that the activities of
antioxidant enzymes such as SOD and CAT increased in all
tissues after Cd exposure and that the GSH and GST content
increased accordingly (Iannelli et al. 2002). CAT activity decreased at 24 and 72 h (Fig. 2f). Ali et al. (2014) also found that
the activity of CAT decreased in leaves and roots at 100 μM Cd
stress. The activity of CAT was destroyed by Cd stress, showing

a decreasing trend, while the activity of POD enzyme was increased to respond to Cd stress (Fig. 2d, f). GO enrichment
analysis also indicated that changes in enzyme activity and cell
wall components were involved at both the early and late stages
of Cd stress (Table S5). Our study suggested that significant
changes had taken place inside the cells.

Photosynthetic pathway
Cd can influence photosynthesis (Chandra and Kang 2016;
Hattab et al. 2009). When Cd is transported into plants, the
photosynthetic pigments are initially affected, causing a decrease in total chlorophyll content and thus affecting photosynthetic function. In our study, the total chlorophyll content
showed a very significant decrease after 72 h of treatment
(Fig. 2c), results that were similar to Ali et al. (2013), who
showed that chlorophyll content significantly decreased as Cd
concentration increased. Some studies have suggested that the
reduction of chlorophyll content may be due to the accumulation of Cd on the thylakoid membrane and its binding to membrane proteins, thus destroying the chloroplast enzyme system
and hindering chlorophyll synthesis (Stobart et al. 1985). Ali
et al. (2015) found that 5-aminolevulinic acid induced the upregulation of light-harvesting complex photosystem II subunit 6
after Cd stress. Other studies have shown that ROS may destroy
chloroplast structural function or decompose chlorophyll under
heavy metal stress (Yan et al. 2016). Photosystem I subunit G
(PSAG) is an important component of higher plant PS I and is
located in the chloroplast thylakoid with the function of maintaining the stability of PS I. A lack of PSAG easily leads to light
damage (Bendall and Manasse 1995). In our research, PSA
genes (BnaC06g07480D, BnaC08g43200D, and
BnaA06g00210D) were downregulated in the photosynthetic
pathway after 72 h of Cd treatment (Table S8), which could
have caused a decrease in photosynthesis.
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GSH pathway
In response to Cd stress, a large amount of PC is synthesized (Figs. 6b and 7). The main pathway of detoxifying
Cd in plants relies on PC complexation and the transport
of the PC-Cd complexes into the vacuole. PCS-coding
genes were not significantly expressed at 24 h
(Table S10). However, BnPCS1 (BnaA02g22480D,
BnaA06g36340D, and BnaCnng27040D) was upregulated
at 72 h (Table S10). High expression of the PCS gene
encoding γ-ECS (Escherichia coli gshI) could significantly increase the GSH content in poplar leaves, and a large
amount of PC is synthesized to avoid poisoning under Cd
stress (Noctor et al. 1998). The reduced GSH content of
B. napus seedlings continued to rise at 24 and 72 h of Cd
exposure (Fig. 2h). In addition, the GSH pathway was
enriched in both the GO and KEGG analyses (Fig. 5;
Table S5). GST is one of the key enzymes in GSH synthesis (Fig. 6b). OsGSTL2 responds to heavy metal stress
and enhances the tolerance of A. thaliana to heavy metal
stress by improving its antioxidant system (Kumar et al.
2013). Bernard et al. (2016) observed that the relative
expression level of BolC.GSTU19 in leaves increased by
5.98 times after Brassica oleracea was treated with
10 mg/kg Cd + 500 mg/kg Pb for 10 days. In our study,
BnGSTU12 and BnGSTU5 were highly expressed at both
the early (24 h) and late (72 h) stages of Cd stress (Fig.
6c), and the upregulation of these genes may promote
GSH synthesis. Some GST genes also showed downregulation under Cd stress (Fig. 6a), probably due to feedback regulation. The increases in GSH and NPT content
in Cd-treated seedlings in the present study were consistent with the upregulation of genes related to GSH.
Indeed, these results demonstrated that GST participated
in the GSH pathway network in response to Cd stress
(Fig. 7).

HMAs and Cd accumulation
HMAs, which are members of the P1B-ATPase subfamily, are
transporters that move heavy metal cations across the cell membrane by ATP hydrolysis (Takahashi et al. 2012). In A. thaliana,
HMA2 and HMA4 play essential roles in the mechanism of
root-to-shoot Cd translocation (Wong and Cobbett 2009).
Overexpressing the SpHMA3 gene from Sedum
plumbizincicola in the nonhyperaccumulator S. alfredii has
greatly enhanced the tolerance of the latter to Cd (Liu et al.
2017). However, the functions of HMAs in B. napus are not
clear. In our analysis, the expression of BnHMAs, especially
BnHMA4, was significantly increased at 72 h (Table S10). Cd
requires transporters to enter the cell (Fig. 7). The roots of plants
are the first tissues to sense Cd, and Cd accumulated in root to
prevent Cd from being transported to upper parts of the plant

through the xylem (Fig. 1). Cd is transported into the xylem by
HMAs, such as AtHMA4 and AtHMA2 (Wu et al. 2015).
AtHMA3 is localized on the tonoplast, pumping PC-Cd complexes into the vacuole (Liu et al. 2017). Upregulation of
HMA-encoding genes may enhance the ability to transfer Cd
ion complexes to the vacuole (Fig. 7).

TFs in Cd response
TFs play very important roles in response to abiotic stresses
(Chen et al. 2012; Kim et al. 2012), including the TFs NAC,
myeloblastosis protein (MYB), basic leucine zipper (bZIP),
and WRKY. However, there are few reports about TFs
responding to Cd stress. Three members of the WRKY protein
family (WRKY33, WRKY26, and WRKY25) correlated positively with response to stress in A. thaliana (Li et al. 2011).
B n W R K Y 11 ( B n a A 0 3 g 5 1 5 9 0 D ) , B n W R K Y 2 8
(BnaA03g43640D), BnWRKY33 (BnaA03g17820D), and
BnWRKY75 (BnaA03g04160D) were upregulated after Cd
treatment (Fig. 6; Table S9). Similar results have been found
in maize, with the expression of ZmWRKY4 induced by Cd
stress (Hong et al. 2017). ERF-coding genes were induced by
Cd stress (Fig. 7; Fig. S1). WRKY and ERF proteins can bind
to the promoters of downstream target genes to regulate their
transcription. In the PC pathway, ERFs and WRKYs may
upregulate GSH-related genes (Fig. 7). However, the interaction of these TFs is still under investigation. Briefly, the evidence for direct or indirect roles of TFs in response to Cd is
quite limited. This study may provide some suggestions regarding the mechanisms of Cd tolerance at the transcriptional
level for future research.

Conclusion
Cd stress can alter Cd accumulation, seed fatty acid content, antioxidant activities, chlorophyll content, and GSH content. The Cd
absorption of various parts of B. napus plants showed significant
differences, and the root showed a high capacity for Cd accumulation. GO and KEGG pathway analyses demonstrated that the
photosynthetic and GSH pathways were significantly enriched in
response to Cd stress. Furthermore, key factors in responses to Cd,
such as BnPCS1, BnGSTU12, BnGSTU5, and BnHMAs, changed
significantly in expression level. In addition, BnWRKY11
(BnaA03g51590D), BnWRKY28 (BnaA03g43640D),
BnWRKY33 (BnaA03g17820D), and BnWRKY75
(BnaA03g04160D) were upregulated under Cd stress.
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