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Introduction
Cadmium (Cd) is considered one of the most toxic non-
essential elements in plants [1]; it not only hinders plant 
growth, but also affects human health through the food 
chain [2, 3]. It is currently listed among the top 10 most 
dangerous substances by the US Agency for Toxic Sub-
stances and Disease Registry [4]. Previous studies have 
sufficiently demonstrated that some exogenous materials 
can alleviate Cd toxicity, e.g., salicylic acid [5] and nitric 
oxide [6], which play important roles in growth, devel-
opment, and defense. However, few studies have been 
conducted to explain the specific mechanisms by which 
exogenous substances mitigate Cd toxicity in plants.

Root systems are an important channel through which 
plants absorb heavy metal ions [7]. The cell wall (CW) is 
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Abstract
Cadmium (Cd) is a biologically non-essential heavy metal, a major soil pollutant, and extremely harmful to plants. 
The phytohormone methyl jasmonate (MeJA) plays an important role in plant heavy-metal resistance. However, 
the understanding of the effects of MeJA supply level on alleviating Cd toxicity in plants is limited. Here, we 
investigated how MeJA regulated the development of physiological processes and cell wall modification in 
Cosmos bipinnatus. We found that low concentrations of MeJA increased the dry weight of seedlings under 
120 µM Cd stress by reducing the transport of Cd from roots to shoots. Moreover, a threshold concentration of 
exogenous MeJA increased the activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) 
in plant roots, the concentration of Cd in the root cell wall, and the contents of pectin and hemicellulose 1 
polysaccharides, through converting Cd into pectin-bound forms. These results suggested that MeJA mitigated 
Cd toxicity by modulating root cell wall polysaccharide and functional group composition, especially through 
pectin polysaccharides binding to Cd, with effects on Cd transport capacity, specific chemical forms of Cd, and 
homeostatic antioxidant systems in C. bipinnatus.
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the outermost structure of plant cells and therefore the 
first point of contact of plants with their environments. 
It has important chemical characteristics that make it 
highly adsorbent of heavy metals [8]. For most plants, the 
compartmentalization mechanism of the CW is one of 
the important mechanisms for detoxification and heavy 
metal tolerance. A large number of studies have shown 
that the CW is the major metal sink in plant roots. For 
example, Vázquez et al. [9] found that Cd deposited on 
the root cell wall (RCW) accounted for approximately 
26–42% of total Cd in White lupin. Similarly, other stud-
ies reported that most of the Cd taken up by Solanum 
nigrum and Athyrium wardii was also stored in the RCW 
[8, 10]. The apoplast is mainly composed of the CW [11]. 
When metal ions enter plant roots through the apoplast 
pathway, they are affected by the polysaccharide compo-
nents and functional groups of the RCW [12]. It is worth 
noting that the mechanism of CW coping with heavy 
metals is mainly based on polysaccharides as important 
binding sites for heavy metals, and its main components 
such as pectin (P), hemicellulose 1 (HC1), hemicellulose 
2 (HC2) and cellulose content significantly affect the abil-
ity of CW to fix heavy metals; therefore, the variation of 
polysaccharides in plant RCW determines the amount of 
Cd fixation in RCW [13]. Yu et al. [14] reported that in 
Oryza sativa under Cd stress, the total Cd contents in P 
and HC1 of RCW were 71–85%; additionally, as the Cd 
concentration increased, the proportion of Cd in RCW P 
of the two rice lines increased significantly, while the pro-
portion of Cd in HC1 decreased slightly. In Ricinus com-
munis, Ren et al. [15] showed that under copper stress, 
44.9–67.8% of the copper ions were accumulated in HC1, 
and only 11–25.9% and 14.1–26.6% of the copper ions 
were accumulated in HC2 and P, respectively. All of these 
previous results indicated that differences in the compo-
sition of CWs are the key factors mediating the tolerance 
of plant RCWs to heavy metals.

Jasmonic acid (JA) and methyl jasmonate (MeJA) are 
two key jasmonates, a family of cyclopentanone com-
pounds synthesized from linolenic acid via the octadec-
anoic pathway [16]. Jasmonates are important factors 
in plant signal transduction and are involved in various 
abiotic stress responses [17, 18], such as in responses to 
drought stress [19], salt stress [20, 21], and cold stress [22, 
23]. Recently, several studies have suggested that jasmo-
nates may be involved in the regulatory processes asso-
ciated with alleviating heavy metal stress. Application 
of exogenous JA or MeJA was able to increase the con-
centration of endogenous JA in Solanum nigrum under 
Cd stress and in Avicennia marina under combined Cd 
and copper (Cu) stress [24, 25], reflecting the important 
relationship between stress resistance and jasmonates. In 
the search for exogenous compounds that mitigate plant 
damage, researchers generally prefer MeJA to JA among 

jasmonates, as the initial rate of MeJA uptake by plants 
is faster than that of JA uptake; furthermore, MeJA is 
both inexpensive and safe [26]. In addition, exogenous 
MeJA reduced reactive oxygen species (ROS) synthesis in 
leaves and enhanced the activity of antioxidant enzymes 
and the concentration of ascorbic acid (AsA) in Brassica 
napus under arsenic (Ar) stress as well as Kandelia obo-
vata under Cd stress [27, 28]. Moreover, many studies 
have indicated that MeJA has affected the degradation of 
CW by reducing cold damage in peach fruits, postharvest 
blueberries, and loquats [10, 29]. However, whether there 
is a direct link between MeJA and the CW and which of 
its components are involved in heavy metal accumulation 
remain unclear.

Cosmos bipinnatus Cav. (Asteraceae) has been widely 
cultivated owing to its high ornamental value, strong 
adaptability, and plasticity in adverse environments. 
Furthermore, C. bipinnatus is a potential Cr/Cd hyper-
accumulator and Zn accumulator [30–32]. The CW was 
demonstrated to be the main site of Cd accumulation in 
roots of C. bipinnatus exposed to Cd. Under Cd stress, 
the gene encoding xyloglucan endotransglucosylase/
hydrolase XTH was up-regulated, while glycosylphospha-
tidylinositol (GPI) and pectin methyl esterase (PME) in 
the sugar metabolism pathway were significantly up-reg-
ulated, which induced hemicellulose synthesis and P bio-
synthesis, thereby increasing the capacity of the CW to 
accommodate Cd and enhancing the Cd tolerance of C. 
bipinnatus [31]. According to our previous research, low 
concentrations of MeJA can alleviate the toxicity of Cd to 
C. bipinnatus seedlings, so we hypothesized that MeJA 
might alter the CW of C. bipinnatus, thereby enhancing 
the Cd resistance of the root system and alleviating the 
toxicity of Cd to the root system. The present study pro-
vides novel insights into the initial detoxification mecha-
nism of exogenous MeJA at different concentrations in 
mitigating the toxicity of heavy metals in C. bipinnatus 
in order to determine the optimal concentration of MeJA 
to improve the Cd tolerance of C. bipinnatus seedlings. 
This study may provide new ideas for conservation appli-
cations of plants grown under unfavorable environmental 
stresses as well as Cd phytoremediation strategies.

The central aims of the present study were as follows: 
(1) to identify how MeJA regulates Cd absorption in C. 
bipinnatus and the subcellular distribution of Cd in its 
roots; (2) to study the effect of MeJA on ROS in roots 
under Cd stress; (3) to investigate the effects of MeJA on 
RCW structures and components with and without Cd. 
Accordingly, we also clarified the physiological mecha-
nisms of MeJA that regulate the structure and compo-
nents of RCWs to alleviate Cd toxicity in C. bipinnatus.
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Materials and methods
Experimental material and plant culture conditions
Cosmos bipinnatus seeds, purchased from Huafeng Seed 
Company (Jiangsu, China), were surface sterilized with 
2% NaClO for 20  min and germinated in clean perlite 
at 25  °C for 7 days. Uniformly growing seedlings were 
transplanted into plastic pots (21 cm × 28 cm × 11 cm, 
60 plants per pot) containing 5  L of half-strength Hoa-
gland solution (1 mM NH4H2PO4, 6 mM KNO3, 4 mM 
Ca (NO3)2·4H2O, 2 mM MgSO4·7H2O, 10 µM H3BO3, 
1.8 µM MnSO4, 0.3 µM CuSO4, 5 µM ZnSO4 and 50 
µM Fe (III)-EDTA, pH 6.5), which was replaced with 
full-strength Hoagland nutrient solution after 14 days. 
Then, the 18 plastic pots were randomly divided into the 
following six treatments, with Cd and MeJA solutions 
added to the Hoagland solution according to the follow-
ing treatments, each with three replicates: 0 µM CdCl2 + 0 
µM MeJA (CK), 120 µM CdCl2 + 0 µM MeJA (Cd treat-
ment alone), 120 µM CdCl2 + 0.1 µM MeJA (Cd + MeJA1), 
120 µM CdCl2 + 1 µM MeJA (Cd + MeJA2), 120 µM 
CdCl2 + 10 µM MeJA (Cd + MeJA3), 120 µM CdCl2 + 100 
µM MeJA (Cd + MeJA4). Plants were grown in a growth 
chamber at 25  °C, 70% relative humidity, and 500 µM 
m− 2 photon flux density. After 7 days of treatment, seed-
lings were harvested. Shoot and root samples were col-
lected from each treatment and rapidly frozen in liquid 
nitrogen to determine the subcellular distributions of Cd, 
and the other samples were assayed for their dry weight 
and Cd concentrations.

Phenotype characterization and metal concentrations
The harvested samples were divided into their aboveg-
round and belowground parts, cleaned of surface Cd 
ions, and divided into two subsamples for subsequent 
testing. One of the subsamples was dried in an oven at 
105  °C for 30 min and then dried further at 70  °C until 
a constant weight was reached, and the dry weight was 
measured as an indicator of biomass (10 plants per bio-
logical replicate, with three replicates). Afterwards, 0.2 g 
of each dry sample was digested with an acid solution 
[HNO3/HClO4 (4/1, v/v)] at 180 °C for 8 h. The suspen-
sions were diluted to 50 mL with deionized water and 
filtered through filter paper. The concentrations of Cd in 
the final solutions were detected by ICP-MS (7900, Agi-
lent Technologies, Santa Clara, CA, USA). The reference 
standard solution was purchased from Guobiao Testing 
and Certification Company (Beijing, China). The translo-
cation factor (TF) was calculated as described by Dai et 
al. [33].

The Cd subcellular distribution was determined 
according to the method of Su et al. [34] with some 
modifications. Fresh samples (1  g) were homogenized 
with 50 mM Tris-HCl buffer solution (pH 7.5) contain-
ing 250 mM sucrose, 1.0 mM DTE (C4H10O2S2), and 5.0 

mM ascorbic acid. Then, the mixture was centrifuged 
at 1000 × g for 15 min at 4℃, and the obtained precipi-
tate was designated as the CW fraction. The supernatant 
solution was further centrifuged at 15,000 × g for 30 min. 
The resultant pellet and supernatant solution were des-
ignated as the organelle-containing fraction and soluble 
fraction, respectively. All fractions were dried and then 
were digested in 5 mL of HNO3. The Cd concentrations 
in the different fractions were analyzed by flame atomic 
absorbance spectrometry (FAAS; Shimadzu AA-6300; 
Shimadzu, Kyoto, Japan). The limit of Cd detection was 
0.02 mg L− 1.

Chemical forms of cd in Cosmos bipinnatus roots
Six chemical forms of Cd were extracted successively, as 
described by Wang et al. [35] and Wang et al. [36]. Then, 
frozen sample material (1 g) that had been cut into small 
pieces was mixed with 10 mL of the extracts mentioned 
above and soaked at 25℃ for 22 h. Each extract was col-
lected, and the residual material was re-extracted with 10 
mL of extraction solution twice. Three replicate extrac-
tion solutions of each of the chemical forms were merged 
together and digested in an acid solution [HNO3:HClO4 
(4:1, v/v)]. The concentrations of Cd in their different 
chemical forms were assayed by FAAS using the Shi-
madzu AA-6300 instrument.

Determination of three antioxidant enzymes in roots and 
shoots
Approximately 0.5-g samples of fresh leaf or root tis-
sue were homogenized in 5 mL of 50 mM Tris-HCl 
buffer (pH 7.0) containing 1 mM EDTA, 1 mM DTT, 5 
mM MgCl2, 1 mM AsA, and 1 mM glutathione (GSH) 
[37]. The homogenate was then centrifuged at 9000 × g 
for 20 min at 4℃, and the extract was used for enzyme 
assays.

Furthermore, following the method described by 
Knörzer et al. [37], the superoxide dismutase (SOD), 
peroxidase (POD), and catalase (CAT) enzymes were 
extracted, and then, their activity levels were determined 
by nitroblue tetrazolium (NBT) photoreduction [38], the 
guaiacol method [39], and a method previously described 
by de Azevedo Neto et al. [40], respectively.

Determination of cd in root symplast and apoplast sap
The Cd content of the sap from root symplast and apo-
plast was determined using the method of Redjala et 
al. [41]. (1) Apoplast sap was extracted as follows. First, 
2.0–5.0 g of fresh root tissue was weighed, cut to lengths 
of 0.2–0.5  cm, and extracted with 50 mL of deionized 
water for 24  h. The extract was filtered, and the filtrate 
was collected for testing. (2) Symplast sap was extracted 
as follows. Again, 2.0–5.0 g of fresh roots were weighed, 
cut to lengths of 2.0–5.0 cm, and extracted with 50 mL 
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of deionized water for 24 h. The extract was filtered out, 
leaving the residue behind, which was added to a mortar, 
ground with quart sand, dissolved with a small amount of 
deionized water after the plant tissue was homogenized, 
diluted to 50 mL, shaken for 1, and finally filtered to 
obtain the filtrate for testing. The concentration of Cd in 
the filtrate was measured by the flame atomic absorption 
method using a Shimadzu AA-6300 instrument.

Determination of RWC polysaccharides
Extraction and determination of RCW fractions
The RCW was extracted according to the method 
described by Zhu et al. [42]. Liquid nitrogen was added 
to fresh root samples (1 g), which were ground into pow-
der in a mortar, dissolved with 5 mL of 75% ethanol, and 
transferred to a 10-mL centrifuge tube. After incubation 
on ice for 30 min, samples were centrifuged at 8000 × g 
for 10  min, and the supernatant was discarded. Then, 
to each sample was added 5 mL of ice-cold acetone and 
methanol: chloroform (1:1) for methanol extraction (each 
time adding organic reagents, followed by an ice bath for 
20 min, centrifugation at 8000 × g, and discarding of the 
supernatant). The above steps were repeated, each time 
collecting the precipitate, which was obtained after being 
washed with methanol, leaving behind the extracted 
RCW, which was dried with a vacuum freeze dryer and 
stored at 4 °C.

Separation of RCW polysaccharides
According to the method of Yang et al. [43], the primary 
CW extract was further separated into P, HC1, and HC2 
fractions. The freeze-dried CW was weighed into 10-mg 
subsamples and put into a 10-mL centrifuge tube, to 
which was added 5 mL of double distilled water. Subsam-
ples were then placed in boiling water for 1  h and then 
centrifuged at 13,000 × g for 20 min. The supernatant was 
transferred to another 10-mL centrifuge tube, to which 
was added 3 mL of double-distilled water, and after this 
was repeated three times, the P fraction extraction was 
considered complete. Then, each sample received an 
addition of 5 mL of 0.1% NaBH4, and the 4% KOH alka-
line solution was extracted overnight, followed by cen-
trifugation at 13,000 × g for 20 min. The supernatant was 
transferred to another 10-mL centrifuge tube, and the 
process was repeated once. The combined supernatant 
contained the HC1 fraction; finally, residues received an 
addition of 5 mL of 0.1% NaBH4 and 24% KOH alkaline 
solution for overnight extraction, followed by centrifuga-
tion at 13,000 × g for 20 min. The resulting supernatant 
was placed in a 10-mL centrifuge tube, and after the pro-
cess was repeated once, the two supernatants were com-
bined to obtain the HC2 fraction (Fig. 1).

Determination of RCW polysaccharide content
The determination of RCW polysaccharide content uti-
lized the method described by Li et al. [44]. Volumes of 
glucose standard solution (0.01 g/100 mL) of 0, 0.2, 0.4, 
0.6, 0.8, 1.0, 1.6, and 2.0 mL were each added to their own 
test tube with a stopper, diluted to a volume of 2 mL, 
and then placed in an ice bath. First, a micropipette was 
used to add 0.1 mL of 80% phenol to each of the samples, 
which were then shaken and mixed. Then, 10 mL of con-
centrated sulfuric acid solution was added to each of 
the samples, which were then mixed and allowed to sit 
for 15 min. Samples were then boiled in a water bath for 
15  min, cooled to room temperature, and measured for 
absorbance at a 490 nm wavelength, with 2 mL of deion-
ized water used as the blank.

Determination of total sugar content in the sample uti-
lized deionized water as a blank solution and followed 
the same method as described above. Then, 0.4 mL of 
the P extract sample, 0.74 mL of the HC1 exact sample, 
and 0.6 mL of the HC2 extract sample were each diluted 
to 2 mL with deionized water, and the sugar content of 
each sample was determined. Using a standard curve, 
the absorbance value was measured to calculate the total 
sugar content of the polysaccharide component of the 
P fraction in the CW of the C. bipinnatus root samples 
grown under the same Cd treatment with different exog-
enous MeJA concentrations, as well as corresponding 
HC1 and HC2 total sugar content values.

Determination of cd content in polysaccharides of C. 
bipinnatus RCW
A 3-mL volume of the RCW components (P, HC1, HC2) 
was added to a digestion tube, along with an acid solu-
tion [HNO3:HClO4 (4:1, v/v)]. Digestion was performed 
at 320  °C. The Cd content was determined by the flame 
atomic absorption spectroscopy method using a Shi-
madzu AA-6300 instrument.

Fourier transform infrared spectroscopy analysis of RCW
The RCW of C. bipinnatus treated with different concen-
trations of MeJA and the RCW of CK plants were char-
acterized by Fourier transform infrared spectroscopy 
(FTIR). Subsamples of the freeze-dried samples (1  mg) 
were weighed and then mixed with crushed crystal-
line potassium bromide (1:100, w/w). Then the samples 
were grinded thoroughly in an agate mortar and pressed 
into a tablet for FTIR determination. FTIR (Nicolet 670; 
Thermo Scientific, Waltham, MA, USA) was used to 
record the spectral signal information in the range of 
4000–400 cm− 1, with a spectral resolution of 4 cm− 1.

Statistical analysis
The test data were analyzed using Excel 2010 (Micro-
soft Corp., Redmond, WA, USA) and SPSS 24 (IBM 
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Corp., Armonk, NY, USA) software. One-way analysis 
of variance and Duncan’s multiple range test were used 
to determine significant differences in Cd content and 
related variables between samples from plants grown 
under different MeJA concentration treatments under 
the same Cd stress at a significance level of p < 0.05.

Results
Effect of exogenous MeJA on cd uptake of C. bipinnatus
In our preliminary experiment, 120 µM Cd treatment 
damaged C. bipinnatus plants. Therefore, the effect of 
MeJA was explored under this Cd concentration treat-
ment. Seven days after the application of 120 µM Cd, 
the root and shoot dry weights of C. bipinnatus had 
decreased significantly. The addition of exogenous MeJA 
(0.1 µM, 1 µM, and 10 µM) increased the biomass of C. 
bipinnatus seedlings under Cd stress. In particular, 1 µM 
MeJA treatment significantly increased the aboveground 
and belowground dry mass of C. bipinnatus. However, 
high concentrations of MeJA (100 µM) did not sig-
nificantly affect C. bipinnatus biomass compared to Cd 
treatment alone (Fig. S1). The Cd content of C. bipinna-
tus under the various treatments is shown in Fig.  2-A, 
B; while MeJA concentrations of 100 µM and especially 
1 µM reduced the Cd content in the roots, under MeJA 
concentrations of 0.1 and 10 µM, the Cd content in roots 

increased obviously. In addition, low concentrations of 
exogenous MeJA (0.1, 1 µM) did not change the Cd con-
tent in the shoots of C. bipinnatus obviously, but higher 
concentrations of exogenous MeJA (10, 100 µM) reduced 
the Cd content in the shoots. After analyzing the trans-
location factors, we found that 1 µM MeJA significantly 
facilitated the transport of Cd, and the TFs increased by 
6.06% compared with Cd treatment alone, respectively 
(Fig. 2-C).

Effects of MeJA on subcellular distribution of cd in C. 
bipinnatus
To determine whether various concentrations of MeJA 
affected Cd detoxification or Cd toxicity, we assayed 
the Cd subcellular distribution in root and shoot tis-
sues. Compared with Cd treatment alone, applica-
tion of 0.1 and 1 µM MeJA significantly reduced the Cd 
concentration in the CW fraction under 120 µM Cd 
stress (Fig.  3-A), while the other two fractions, i.e., the 
organelle-containing and soluble fractions, showed no 
significant differences among treatments. Thus, lower 
concentrations of MeJA reduced the total Cd concentra-
tion in the aerial tissues. The Cd subcellular distribution 
patterns in roots differed from those in shoots. Various 
MeJA treatments significantly increased the Cd concen-
trations in the CW fraction compared with Cd treatment 

Fig. 1  Flow chart for extraction of Cosmos bipinnatus cell wall and cell wall components

 



Page 6 of 16Yu et al. BMC Plant Biology          (2024) 24:807 

alone, while the organelle-containing and soluble frac-
tions showed no significant difference among treatments 
(Fig. 3-B). The results not only suggested that binding of 
Cd in the RCW fraction may be related to Cd detoxifi-
cation induced by the various MeJA treatments, but also 
indirectly indicated that various MeJA concentrations 
increased total Cd concentrations in roots. The chemi-
cal forms of Cd in root tissue were assayed to determine 

whether application of MeJA positively affected Cd 
detoxification.

Effects of MeJA on chemical forms of cd accumulated in C. 
bipinnatus roots
The measurement of different chemical forms of Cd in 
plant roots at day 7 is shown in Fig. 4. NaCl-extractable 
Cd was the largest proportion in the roots of plants 
grown under various treatments, followed by ethanol-, 

Fig. 3  Effect of different concentrations of methyl jasmonate (MeJA) on the subcellular distribution of Cd. A, Concentration of Cd in three subcellular 
fractions of shoot tissue. B, Concentration of Cd in three subcellular fractions in root tissue. The values shown are means ± standard deviations of three 
biological replicates. Values followed by different lowercase letters differed significantly at p < 0.05. N.S., not significant; F1, cell wall fraction; F2, organelle-
containing; F3, soluble fraction; Cd, 120 µM CdCl2; Cd + MeJA1, 120 µM CdCl2 + 0.1 µM MeJA; Cd + MeJA2, 120 µM CdCl2 + 1 µM MeJA; Cd + MeJA3, 120 µM 
CdCl2 + 10 µM MeJA; Cd + MeJA4, 120 µM CdCl2 + 100 µM MeJA

 

Fig. 2  Effect of different concentrations of methyl jasmonate (MeJA) on Cd concentration and their translocation factors (TFs) in Cosmos bipinnatus. A, Cd 
concentrations in roots. B, Cd concentrations in shoots. C, Cd translocation factors. The values shown are the means ± standard error (n = 3). Bars labelled 
with different letters were significantly different among treatments at p < 0.05. N.D., not detected; Cd, 120 µM CdCl2; Cd + MeJA1, 120 µM CdCl2 + 0.1 µM 
MeJA; Cd + MeJA2, 120 µM CdCl2 + 1 µM MeJA; Cd + MeJA3, 120 µM CdCl2 + 10 µM MeJA; Cd + MeJA4, 120 µM CdCl2 + 100 µM MeJA
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d-H2O- and acetic acid (HAC)-extractable forms, while 
other chemical forms of Cd were rather low (Fig.  4). 
Additionally, 1–100 µM MeJA treatments under 120 
µM Cd significantly increased the Cd concentration in 
ethanol extract, while 0.1–1 µM MeJA treatments signifi-
cantly enhanced the NaCl-extractable Cd. Only 100 µM 
MeJA significantly raised the Cd concentration in d-H2O 
and HAC extracts.

Malondialdehyde concentration and activities of 
antioxidant enzymes in roots
Under Cd stress, malondialdehyde (MDA) content of 
plant roots increased significantly. Compared with Cd 
treatment alone, MDA content increased with MeJA 
concentration, and the MDA content under the 0.01 µM 
concentration treatment did not significantly differ from 
that of the control (Fig. 5-A).

The trends in SOD and POD activities were similar, 
and both significantly increased under Cd stress alone 
and decreased under low concentrations of exogenous 
MeJA. Compared with CK plants, the activity levels of 
SOD and POD increased by 35% and 38%, respectively 
(Fig. 5-B). Additionally, their activities were all increased 
under treatments with other concentrations of MeJA. 
CAT activity decreased under Cd treatment alone, but it 
increased after the application of exogenous MeJA, espe-
cially under low-concentration MeJA treatment, in which 
CAT activity was 1.75 times higher than that under Cd 
treatment alone (Fig. 5-C, D).

The effect of exogenous MeJA on cd absorption
Cd concentration in the root apoplast pathway accounts 
for 82.7%, 82.7%, 83.3%, 80.9%, and 78.9% of Cd content 
under Cd, Cd + MeJA1, Cd + MeJA2, Cd + MeJA3, and 
Cd + MeJA4 treatments, respectively, about 4 times more 
than the Cd content of the symplast pathway (Table  1). 
Additionally, the Cd content in the root symplast and 
apoplast samples decreased when treated with the rela-
tively lower concentrations of MeJA (0.1, 1, 10 µM), but 
increased when treated with the highest tested concen-
tration of MeJA (100 µM). Thus, appropriate concentra-
tions of exogenous MeJA (0.1, 1, 10 µM) were able to 
inhibit the absorption of Cd by roots and played a some-
what protective effect on the physiological functions of 
the roots.

Exogenous MeJA affects the polysaccharide content of C. 
bipinnatus RCW
Compared with Cd stress, there were no significant 
changes in RCW P content under of the lower applied 
concentrations of MeJA (0.1, 1, 10 µM); in contrast, under 
high concentrations of MeJA (100 µM), the P content was 
apparently increased (Fig.  6-A). Under treatment with 
different concentrations of MeJA (0.1, 1, 10, 100 µM), 
the content of HC1 was significantly increased (Fig. 6-B). 
However, the trend in HC2 content was opposite of that 
of HC1. HC2 content did not obviously change under 1 
and 100 µM MeJA treatments, while under the 0.1 and 10 
µM MeJA treatments, the content of HC2 was obviously 
lower than that under Cd treatment alone (Fig. 6-A, C).

Effects of exogenous MeJA on the binding of cd to 
polysaccharides in the RCW
Compared with Cd treatment alone, as MeJA concen-
tration increased, the content of Cd in the P and HC1 
fractions increased first and then decreased. Low concen-
trations of MeJA (0.1, 1 µM) did not obviously change the 
amount of Cd bound in the P fraction, while high con-
centrations of MeJA (10, 100 µM) significantly increased 
amount of Cd bound. In addition, under all tested con-
centrations of MeJA (0.1, 1, 10, 100 µM), the amount of 
Cd bound in HC1 increased, and it reached its highest 
value under the 1 µM MeJA treatment. In contrast, the 
amount of Cd bound in HC2 increased obviously, except 
under the 1 µM MeJA treatment (Fig.  7-A, C). Further 
analysis of the CW polysaccharide components of the 
P, HC1, and HC2 fractions under Cd treatment alone 
revealed the binding ability of Cd, as shown in Fig. 7-D. 
In the polysaccharide component of the C. bipinnatus 
RCW, the main component that bound Cd was P. The Cd 
binding capacity of P accounted for 97.05% of bound Cd, 
while HC1 and HC2 only accounted for 2.85% and 0.33%, 
respectively.

Fig. 4  Effect of different concentrations of methyl jasmonate (MeJA) on 
chemical forms of Cd. The values presented are means ± standard devia-
tions of three biological replicates. Values followed by different lowercase 
letters are significantly different at a threshold of p < 0.05. N.S., not signifi-
cant; Fethanol, extraction of inorganic Cd, including nitrate/nitrite, chloride, 
and aminophenol Cd; Fd-H2O, extraction of water-soluble Cd in the form 
of organic acid complexes and Cd (H2PO4)2; FNaCl, extraction of P-integrat-
ed Cd; FHAC, extraction of insoluble CdHPO4 in the form of organic acids 
and Cd (H2PO4)2 and other Cd-phosphate complexes; FHCl, extraction of 
oxalate acid-bound Cd; FRES, Cd in residues; Cd, 120 µM CdCl2; Cd + MeJA1, 
120 µM CdCl2 + 0.1 µM MeJA; Cd + MeJA2, 120 µM CdCl2 + 1 µM MeJA; 
Cd + MeJA3, 120 µM CdCl2 + 10 µM MeJA; Cd + MeJA4, 120 µM CdCl2 + 100 
µM MeJA
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Correlation analysis
Pearson correlation analysis was performed on the poly-
saccharide content of the RCW, the concentration of 
MeJA, and the Cd content of each component.

As shown in Fig. 8-A, among the P components of the 
RCW, the content of P and the concentration of exoge-
nous MeJA showed a very significant positive correlation 
(p < 0.01, r = 0.9771). However, the contents of both HC1 
and HC2 in the RCW were not significantly correlated 
with the concentration of exogenous MeJA (Fig. 8-B, C).

CW functional groups influenced the accumulation of cd in 
C. bipinnatus
By analyzing the FTIR spectra of the C. bipinnatus RCW 
under different treatments, relevant information on its 
characteristic peaks can be obtained [45]. According to 
the FTIR diagram of C. bipinnatus CW treated with Cd 
alone and in combination with different concentrations 
of MeJA, the absorption peaks of wavenumbers 3400, 
2920, 1640, 1240, and 1060 cm− 1 all changed. Addition-
ally, their peaks were also somewhat deflected (Fig. 9). By 
comparing the blank control group with the treatment 

Table 1  Cd concentrations in root symplast and apoplast samples of Cosmos bipinnatus under different treatments
Transportation pathway Cd Cd + MeJA1 Cd + MeJA2 Cd + MeJA3 Cd + MeJA4
Symplast (mg kg− 1) 10.70 ± 0.13b 7.10 ± 0.47d 9.34 ± 0.82c 8.69 ± 0.29c 14.69 ± 0.14a
Apoplast (mg kg− 1) 51.05 ± 1.02b 33.87 ± 1.54d 46.65 ± 2.08c 36.70 ± 2.26d 54.96 ± 3.10a
Note Cd, 120 µM CdCl2; Cd + MeJA1, 120 µM CdCl2 + 0.1 µM MeJA; Cd + MeJA2, 120 µM CdCl2 + 1 µM MeJA; Cd + MeJA3, 120 µM CdCl2 + 10 µM MeJA; Cd + MeJA4, 120 
µM CdCl2 + 100 µM MeJA; MeJA, methyl jasmonate. The values shown are the means ± standard error (n = 3). Values labeled with different letters indicate significant 
differences among the different treatments at p < 0.05

Fig. 5  Effect of different concentrations of methyl jasmonate (MeJA) on malondialdehyde (MDA) concentration, superoxide dismutase (SOD) activity, 
peroxidase (POD) activity, and catalase (CAT) activity in roots of Cosmos bipinnatus. A, MDA concentration. B, SOD activity of roots. C, POD activity of roots. 
D, CAT activity of roots. The values shown are means ± standard deviations of three biological replicates. Values followed by different lowercase letters 
are significantly different at a threshold of p < 0.05. Cd, 120 µM CdCl2; Cd + MeJA1, 120 µM CdCl2 + 0.1 µM MeJA; Cd + MeJA2, 120 µM CdCl2 + 1 µM MeJA; 
Cd + MeJA3, 120 µM CdCl2 + 10 µM MeJA; Cd + MeJA4, 120 µM CdCl2 + 100 µM MeJA
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group subjected to Cd stress alone, we found that the 
absorption peak at 3400 cm− 1 was significantly reduced, 
and several characteristic absorption peaks at other 
wavenumbers were also offset to some extent (Fig.  9). 
Under Cd stress, the FTIR diagram of plant RCW also 
differed when different concentrations of MeJA were 
added. In particular, the absorption peaks near 3400, 
2920, and 1240  cm− 1 were shifted to high frequencies, 
and the maximum shift near 3400  cm− 1 amounted to 
19.4, indicating that MeJA had a strong influence on the 
proteins, fatty acids, and various carbohydrates in the 
CW of C. bipinnatus, thus affecting the contents of -NH 
and -OH in the CW. Additionally, the maximum shift 
near 2920  cm− 1 amounted to 6.3, indicating that MeJA 
affected the hydrophilic esters in the pectin of C. bipin-
natus CW, thus affecting the content of -CH3, while the 
maximum shift near 1240 cm− 1 was 9.1, indicating that 
MeJA affected the contents of -C-O-S, -C-O, and/or 
-C-O-P in the CW of C. bipinnatus.

Discussion
Low concentrations of MeJA had protective effects on C. 
bipinnatus
In our previous study, we found that C. bipinnatus 
showed visible symptoms of toxicity under 120 µM Cd 
stress. Applying MeJA together with Cd enables inves-
tigation of the interaction between MeJA and Cd. We 
previously found that 1 µM MeJA alleviated the adverse 

effect of Cd stress on seed germination [31]. In the pres-
ent study, an appropriate concentration of MeJA also 
relieved some damage associated with Cd toxicity, which 
is accordance with the findings of Kolupaev et al. [46], 
who found that when plants are under stress caused by 
low temperatures, heavy metals, and diseases, MeJA and 
other hormones rapidly accumulate in the plant body to 
increase the antioxidant level of cells and protect mem-
branes and proteins; thus, MeJA can reduce the impact 
of adverse conditions on plant growth. Moreover, the 
addition of low concentrations of MeJA was observed to 
promote the transfer of Cd from the roots to the aboveg-
round shoots (Fig. 2), which may enhance plant tolerance 
to heavy metals [28]. These results suggested that low 
concentrations of MeJA alleviated some negative effects 
of Cd in plants. Previously, the appropriate application 
of MeJA was also found to mitigate the toxicity of heavy 
metals to plants by reducing ROS synthesis, inducing 
the activity of antioxidant enzymes, and increasing the 
levels of AsA and GSH [47]. In addition, low concentra-
tions of MeJA can promote plant growth and develop-
ment by promoting plant root growth and regulating 
the expression of key genes in the synthesis and trans-
port pathways of other internal hormones, such as JA, 
growth hormone and gibberellin, which can improve the 
Cd tolerance of plants [48, 49]. However, the mechanism 
by which MeJA alleviates stress has not been completely 
demonstrated yet. Exogenous plant hormones may affect 

Fig. 6  Effects of methyl jasmonate (MeJA) treatment on the content of polysaccharides in the cell wall of Cosmos bipinnatus roots. A, The content of 
pectin (P). B, The content of hemicellulose 1 (HC1). C, The content of hemicellulose 2 (HC2). The values shown are means ± standard deviations of three 
biological replicates. Values followed by different lowercase letters are significantly different at a threshold of p < 0.05. Cd, 120 µM CdCl2; Cd + MeJA1, 120 
µM CdCl2 + 0.1 µM MeJA; Cd + MeJA2, 120 µM CdCl2 + 1 µM MeJA; Cd + MeJA3, 120 µM CdCl2 + 10 µM MeJA; Cd + MeJA4, 120 µM CdCl2 + 100 µM MeJA
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the distribution and chemical forms of heavy metals to 
enable detoxification, e.g., the application of exogenous 
phytohormones to perennial ryegrass and Brassica para-
chinensis can lead to a reduction in the content of their 
heavy metal chemical forms and a shift to less toxic forms 
[50, 51]. Notably, our study found that MeJA had some 
influence on both the subcellular distribution and chemi-
cal forms of Cd (Fig. 10).

MeJA affected the subcellular distribution of cd
The root cell constituents analyzed in the present study 
are comprised of three categories: the CW fraction, the 
soluble fraction, and the organelle-containing fraction. 
The soluble fraction mainly includes the contents of the 
vacuole. Comprised of polysaccharides (including cellu-
lose, HC, and P) and proteins, the CW is the first struc-
ture to contact outer substance [52]. The 0.1 and 1 µM 
MeJA treatments decreased the Cd concentration in the 
CW fraction and had no effect on the other two fractions, 
indicating that some Cd may be obstructed by CWs. Cd 
in roots is taken up into aerial tissues using some key 

heavy metal transporters [53]. MeJA may induce the 
expression of heavy metal transporters to promote Cd 
uptake. Under Cd stress, plants underwent changes in 
many aspects, including in their cell structure, photo-
synthesis, and stomatal shape and number [54]. There-
fore, MeJA may affect the transpiration of C. bipinnatus 
by inducing stomatal regulation that ultimately enhances 
Cd transport. However, this requires further confirma-
tion. Various MeJA treatments significantly increased the 
Cd concentration in RCWs compared with Cd treatment 
alone (Fig. 3-B), while the other two fractions showed no 
significant difference. Polysaccharides bind with met-
als to decrease their movement [55]. These results indi-
cated that MeJA may induce polysaccharides to bind 
with Cd, thus enhancing the Cd tolerance of C. bipinna-
tus (Fig. 10). This has also been found in tomato studies, 
where the application of MeJA to tomato promoted the 
enrichment of Cd in RCW and mitigated the toxic effects 
of Cd on tomato seedlings [56].

Fig. 7  Cd content in cell well polysaccharides treated with different methyl jasmonate (MeJA) treatments. A, Cd content in the pectin (P) fraction. B, 
Cd content in the hemicellulose 1 (HC1) fraction. C, Cd content in the hemicellulose 2 (HC2) fraction. D, Cd concentration in P, HC1, and HC2 fractions 
under Cd treatment alone. The values shown are means ± standard error (n = 3). Bars labelled with different lowercase letters indicate significant differ-
ences among treatments at a threshold of p < 0.05. N.D., not detected; Cd, 120 µM CdCl2; Cd + MeJA1, 120 µM CdCl2 + 0.1 µM MeJA; Cd + MeJA2, 120 µM 
CdCl2 + 1 µM MeJA; Cd + MeJA3, 120 µM CdCl2 + 10 µM MeJA; Cd + MeJA4, 120 µM CdCl2 + 100 µM MeJA
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MeJA affected cd chemical forms
Heavy metal chemical forms can be divided into two 
forms: mobile forms, including ethanol-extractable and 
d-H2O-extractable forms, which are easy to be trans-
ported, and immobile forms, including NaCl-extractable 
and HAC-extractable forms. These immobile forms are 
closely related to the migration and toxicity of heavy met-
als in plants [34]. NaCl-extractable forms included P inte-
grated with Cd, while HAC-extractable forms included 
phosphate-bound Cd. Our findings revealed that 0.1–1 

µM MeJA treatments significantly enhanced the Cd con-
centration in NaCl-extractable Cd compared with Cd 
treatment alone, indicating that lower MeJA concentra-
tions may stimulate more P to bind with Cd to limit Cd 
mobility (Fig. 4). P is one of the basic CW components, 
and it is a major contributor to Cd immobilization [57]. 
Therefore, 0.1–1 µM MeJA could enhance Cd uptake 
capacity of the CW and strengthen the Cd tolerance of C. 
bipinnatus. Similarly, application of phosphorus to Cd-
stressed oilseed rape increased the proportion of Cd in 

Fig. 9  Fourier transform infrared (FTIR) spectra of the root cell wall (RCW) of Cosmos bipinnatus under different treatments

 

Fig. 8  Correlation between root cell wall (RCW) polysaccharide composition and concentration of methyl jasmonate (MeJA). A, Correlation between 
pectin (P) content and MeJA concentration. B, Correlation between hemicellulose 1 (HC1) content and MeJA concentration. C, Correlation between 
hemicellulose 2 (HC2) content and MeJA concentration
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the NaCl-extracted state of oilseed rape, thereby decreas-
ing the ability to transport Cd [51]. Ethanol-extractable 
Cd represents inorganic water-soluble Cd, including 
nitrate/nitrite, chloride, and aminophenol Cd [58]. Our 
study found that 1–100 µM concentrations of MeJA sig-
nificantly enhanced ethanol-extractable Cd compared 
with Cd treatment alone, suggesting that much Cd existed 
in its basic form. In a previous study, MeJA induced the 
genes encoding caffeic acid O-methyltransferase (COMT) 
[59], which is an important methylating enzyme in the 
phenylpropanoid pathway. The increased expression of 
COMT promoted the degree of lignification in tobacco 
(Nicotiana tabacum) [60]. It could be concluded that 
1–100 µM MeJA may induce the expression of genes 
related to lignin deposition, increase the degree of lignifi-
cation, and thus prevent Cd from becoming extracellular. 
Above all, lower concentrations of MeJA strengthened 
the tolerance of C. bipinnatus mainly through enhancing 
the Cd capacity of the CW, while higher MeJA concen-
trations may have induced an increase in the degree of 
lignification causing Cd obstruction.

MeJA affected antioxidant systems
Plants under environmental stress accumulate ROS, 
which can disturb plant metabolic systems [61]. Plants 
have accordingly evolved various antioxidant systems to 
eliminate oxidative stress [45]. It has been shown that 
MeJA can affect the activity of antioxidant enzymes, 
thereby relieving oxidative stress [47]. Application of 

MeJA to salt-stressed Nitraria tangutorum resulted in its 
SOD and CAT enzyme contents, which further activated 
the antioxidant defenses of Nitraria tangutorum seed-
lings [62]. Similarly, in the present study, MeJA affected 
the activity of antioxidant enzymes. High-concentration 
MeJA treatments significantly enhanced SOD activ-
ity compared with Cd treatment alone, indicating that 
the high concentration of MeJA disturbed the balance 
of antioxidant enzyme systems in plants (Fig.  5-B) [63]. 
These results indicated that MeJA may regulate the activ-
ity levels of different enzymes to protect C. bipinnatus 
under Cd stress, and exogenous MeJA with an appro-
priate concentration can alleviate damage caused by Cd 
(Fig. 10).

MeJA affected the absorption of cd by altering RCW 
polysaccharides
During plant growth, the symplast and apoplast path-
ways are the main modes of short-distance transport in 
plants, through which plants transport water and ions 
for their normal growth [64]. The symplast pathway 
uses intercellular junctions as bridges from one cell to 
another, whereas the apoplast pathway transmits mate-
rials through the CW and the free space within the cell 
interstitial space. In our study, Cd uptake through the 
apoplast pathway was much higher than that through the 
symplast pathway under all treatments. The Cd content 
in both the apoplast and symplast was decreased by the 
addition of exogenous MeJA, and apoplast Cd content 

Fig. 10  Effect of different concentrations of methyl jasmonate (MeJA) on the Cd adsorption mechanism of Cosmos bipinnatus
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was significantly reduced under low concentrations of 
MeJA, which suggested that MeJA reduced the uptake of 
Cd by regulating the lateral transport in the plant, thus 
alleviating Cd toxicity. In contrast, in the apoplast path-
way, although the CW is not part of the extracellular 
space, the structure of the CW has great influence on the 
extracellular space, and it plays an important role in alle-
viating heavy metal stress [32]. The CW is an indispens-
able part of plant cells, and it can determine the shape 
and volume of cells and act as a mechanical support and 
physical barrier for plants. The CW is able to respond 
to changes in the external environment by changing its 
own composition and structure, so as to improve the 
resistance of plants to various stress conditions [32]. 
Among them, polysaccharides, as the main components 
of plant CW, have various reactive groups to adsorb and 
immobilize Cd, and thus are important binding sites for 
heavy metals [15, 65]. Under Cd stress, the contents of P, 
HC1 and HC2, were increased in the roots of Solanum 
nigrum, which enhanced the tolerance of S. nigrum to Cd 
[10]. In our study, under Cd treatment alone, HC1 and P 
were the main Cd-binding polysaccharides in the RCW 
of C. bipinnatus (Fig. 7). Additionally, low-concentration 
MeJA treatment significantly increased the content of 
HC1 and the combined amount of Cd in HC1 and P frac-
tions. It is possible that exogenous MeJA could change 
the structure of P and HC in the RCW, such that they can 
increase in the amount of Cd bound to the CW, promote 
the immobility of Cd, and decrease the Cd translocation 
factors (Fig.  2-C) [66]. This is also consistent with the 
findings of Zhang et al. [67] that externally applied low 
concentrations of MeJA under Cd stress increased the P, 
HC1 and HC2 contents of wheat CWs, thereby signifi-
cantly improving the tolerance of wheat to Cd.

The polysaccharides in plant CW contain hydroxyl 
(-OH), carboxyl (-COOH), and amino groups (-NH2), 
the adsorption of these groups can alter the occurrence 
and migration of Cd in the plant, thus reducing the toxic-
ity of Cd to plants [68]. The identity of each functional 
group can be determined by the offset of the peak value 
of each functional group from plant samples grown 
under each treatment in the FTIR spectrum. Peaks near 
the 3400 cm− 1 wavenumber correspond to the superpo-
sition of hydroxyl group (-OH), amino acid, and protein 
amino group (N-H) stretching vibration peaks, which 
mainly indicate the contribution of P, cellulose, hemi-
celluloses, and other polysaccharides in plant tissues to 
the spectrum [69]. Near 2920 cm− 1 and 1060 cm− 1 were 
found the stretching vibration absorption peaks of alkyl 
C-H and C-O groups, respectively, of cellulose, hemi-
cellulose, and lignin [70]. The stretching vibration peak 
of protein amide (C-N) was near 1640  cm− 1, which is 
the characteristic absorption peak of protein. The C-H 
deformation vibration of cellulose and hemicellulose 

was generated near 1370  cm− 1. In our study, under Cd 
stress, the absorption peak of the characteristic hydroxyl 
(-OH) group peak (3420 cm− 1) and methyl (-CH3) peak 
(2920  cm− 1) moved to low frequencies compared with 
the blank control group (Fig. 9-A), which was similar to 
the findings of Yu et al. [69]. This indicated high-concen-
tration Cd stress led to the hydroxyl (-OH) group and 
the methyl (-CH3) group peaks shifting together [71]. At 
the same time, these findings also showed that hydroxyl 
(-OH) was an important functional group for Cd adsorp-
tion. After MeJA application, the absorption peaks of 
ester groups (C = O) at 1720  cm− 1 all shifted, indicating 
that under MeJA treatment, the methyl esterification 
degree of P in the C. bipinnatus RCW decreased, which 
increased the content of negatively charged free carboxyl 
(-COOH) groups and enhanced the adsorption capacity 
of Cd. This mechanism made Cd more easily combine 
with the RCW and impeded its transport to the aboveg-
round shoots, which was also consistent with our find-
ings (Fig. 2). Thus, it can be inferred that when exogenous 
MeJA is applied at a certain concentration to C. bipin-
natus under Cd stress, plants can continuously improve 
their ability to adapt to Cd stress by regulating the con-
tents of polysaccharides, proteins, and other substances 
as well as functional groups such as hydroxyl (-OH) and 
carboxyl (-COOH) groups (Fig. 10).

Conclusion
In the present study, Cd stress on C. bipinnatus was 
affected by the addition of different concentrations of 
exogenous MeJA. Specifically, exogenous MeJA affected 
Cd uptake and transport by C. bipinnatus by altering the 
polysaccharide composition, Cd subcellular distribution, 
and chemical form of C. bipinnatus in the RCW. Addi-
tionally, the activity of antioxidant enzymes was signifi-
cantly enhanced by low concentrations of MeJA, which 
improved the resistance of C. bipinnatus seedlings to Cd 
toxicity. The above results suggest that treatment with 
appropriate MeJA concentrations can help activate pro-
tective mechanisms in plants. Overall, this study provides 
new insights into the utilization of exogenous MeJA to 
mitigate heavy metal toxicity and indicates the potential 
value of the novel application of MeJA for bioremediation 
of Cd pollution. Finally, this result can help to further 
explore the related process of MeJA regulation of CW 
synthesis and the associated changes in gene expression, 
which will lay the foundation for future applications of 
phytohormones to mitigate plant stress.
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