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Jasmonic acid (JA) and gibberellic 
acid (GA3) mitigated 
Cd‑toxicity in chickpea plants 
through restricted cd uptake 
and oxidative stress management
Parvaiz Ahmad1,2*, Vaseem Raja3, Muhammed Ashraf4, Leonard Wijaya1, Andrzej Bajguz5 & 
Mohammed Nasser Alyemeni1

Cadmium stress is one of the chief environmental cues that can substantially reduce plant growth. 
In the present research, we studied the effect of jasmonic acid (JA) and gibberellic acid (GA3) applied 
individually and/or in combination to chickpea (Cicer arietinum) plants exposed to 150 µM cadmium 
sulphate. Cadmium stress resulted in reduced plant growth and pigment contents. Moreover, 
chickpea plants under cadmium contamination displayed higher levels of electrolytic leakage, 
H2O2, and malonaldehyde, as well as lower relative water content. Plants primed with JA (1 nM) and 
those foliar-fed with GA3 (10–6 M) showed improved metal tolerance by reducing the accumulation 
of reactive oxygen species, malonaldehyde and electrolytic leakage, and increasing relative water 
content. . Osmoprotectants like proline and glycinebetaine increased under cadmium contamination. 
Additionally, the enzymatic activities and non-enzymatic antioxidant levels increased markedly 
under Cd stress, but application of JA as well as of GA3 further improved these attributes. Enzymes 
pertaining to the ascorbate glutathione and glyoxylase systems increased significantly when 
the chickpea plants were exposed to Cd. However, JA and GA3 applied singly or in combination 
showed improved enzymatic activities as well as nutrient uptake, whereas they reduced the metal 
accumulation in chickpea plants. Taken together, our findings demonstrated that JA and GA3 are 
suitable agents for regulating Cd stress resistance in chickpea plants.

Most often plants in natural environments are exposed to numerous ecological stresses that impede growth and 
productivity. Among those stresses, heavy metal toxicity is considered to be a prime factor for soil and water 
pollution1,2. Modern agricultural practices and rapid industrialization are the major contributors of heavy metals 
to the soil3,4. Being a non-essential heavy metal, cadmium (Cd) has the highest solubility and availability, there-
fore, it is absorbed by the plants with very much ease5,6. Cadmium invades into our surroundings through several 
natural and anthropogenic processes like weathering of rocks, subsurface mining, thermal power generation, 
and disproportionately employed wastewater and sewage water for irrigation practices in agriculture3,7. In plants, 
primary visible symptoms of Cd toxicity include necrosis, chlorosis, stunted growth of roots and shoots, and 
ultrastructural damage6,8. Cadmium can inhibit several significant plant activities such as membrane integrity, 
physiological aspects, metabolic and biochemical reactions, like photosynthesis and respiratory electron transport 
chain in the mitochondrion and chloroplast. Besides, it severely affects mineral nutrition and water balance9,10. 
With adaptive and resistance behavior, plants have well developed several endogenous stress tolerance mecha-
nisms to overcome metal stress by enhanced production of osmolytes, efficient enzymatic and non-enzymatic 
antioxidant systems, sequestration of toxic metals into the vacuoles and effective compartmentalization11–13.
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Several recent studies have demonstrated the role of phytohormones in combating environmental 
perturbations7,14,15. Jasmonic acid is a multifaceted hormone belonging to the family of plant growth regulators. 
It is produced as a consequence of lipoxygenases controlled process through oxygenation of unsaturated fatty 
acids16. Jasmonic acid is involved in a wide array of functions of plants mediating root growth, organ formation, 
storage, reproduction, fertility, ripening, senescence, signaling, etc.17–19. Under severe environmental constrains, 
JA is the core signaling molecule in several plant species like Oryza sativa, Arabidopsis thaliana, Phaseolus lunatus 
and Solanum lycopersicum16,19. Jasmonic acid stimulates plant immunity to combat the ill-effects of abiotic stresses 
on growth attributes and gene expression profiles within plants when applied externally in small quantities20,21.

A large family of tetracyclic diterpenoid compounds, gibberellins (GAs), is a group of plant growth hormones 
concomitant for plant growth, seed germination, water uptake, dormancy breaking and signaling22,23. Moreover, it 
has been reported by several workers that gibberellins promote plant growth under stress conditions. It is believed 
that gibberellins increase the synthesis of hydrolase in plants, relieve seed dormancy, improve seed vitality and 
seed germination, and are involved to repair damaged cell membranes20,23,25. A central role of gibberellins against 
different abiotic stresses is well-known in different studies24,25. Gibberellins act as potent signaling molecules 
to elevate growth and enhance developmental processes to counteract stress conditions and strengthen their 
immune system26,27. Additionally, little information is available regarding the role played by GAs in plants grown 
under stress conditions. Due to this reason, GAs are the prime targets of the present research.

Chickpea (Cicer arietinum L.) is one of the principal pulse crops. It is grown worldwide due to a rich source of 
proteins, minerals, vitamins, essential amino acids and carbohydrates28. It also comprises most vital components, 
well-known for their antioxidant activity to mediate reactive oxygen species (ROS) scavenging29,30. The produc-
tion of chickpea is dwindling due to climatic changes for the last many years31. Cadmium stress has very well 
participated in decreasing the production of chickpea throughout the globe. Several recent studies demonstrated 
that leguminous crops are more susceptible to metal ion toxicity especially to Cd, in contrast to various plant 
species belonging to grasses and cereals. Therefore, leguminous crops including chickpea come across severe 
clampdown of biomass production even at lower metal concentrations32. However, little information is available 
with regard to tolerance and accumulation of metal ions in chickpea under Cd stress. Phytohormones have been 
the keen area of interest since recent past, however, the roles of GA3 and JA in Cd stress mitigation are not known 
well. Keeping in view the earlier mentioned plausible justification, the present study was undertaken to decipher 
the mechanism of Cd stress tolerance in chickpea under individual and/or combined application of JA and GA3.

Materials and methods
Plant growth and treatments.  Authenticated chickpea seeds were taken from the local market and no 
specific permission is needed for their use as they are neither at risk of extinction nor endangered. In order to 
test the germination, the seeds were germinated in Petri plates (15 seeds/plate) lined with Whatman No 1 filter 
paper. This initial experiment showed more than 90% germination. The seeds were treated with 70% ethanol for 
1 min for disinfection; thereafter the seeds were subjected to surface sterilization for 15 min with 4% sodium 
hypochlorite. The seed so treated was thoroughly rinsed for multiple times with double distilled water for avoid-
ing any kind of chemical impurity. Seed priming of the sterilized seeds was carried out by placing the seeds in 
distilled water and then treating it with 1 nM JA for 12 h at 25 °C. Seed priming was executed by dissolving 
JA in absolute ethanol and then diluted to 1 nM concentration. For control, the seed priming was performed 
by placing the seeds in double distilled water for 12 h at 25 °C. Air-dried seeds (15 seeds/pot) were planted in 
earthen pots with dimension: (46 cm × 46 cm × 38 cm), each comprising 2 kg combined mixture of peat, perlite 
and sand in equal ratio (1:1:1). After germination, five seedlings were maintained in each pot. The experimental 
treatments were arranged in a randomized block design, with five replicates; each replicate consisted of 5 plants. 
The 11-day old seedlings were subjected to Cd stress (150 μM) by dissolving CdSO4·8H2O in nutrient solution. 
One M stock solution of CdSO4·8H2O was prepared and from this stock solution (150 µM) concentration was 
prepared by dissolving an appropriate amount in the nutrient solution consisting of 31 mg P L−1, 270 mg N L−1, 
200 mg Ca L−1, 234 mg K L−1, 48 mg Mg L−1, 64 mg S L−1, 0.5 mg Mn L−1, 2.8 mg Fe L−1, 0.05 mg ZnL−1, 0.02 mg 
Cu L−1, 0.01 mg Mo L−1, 0.5 mg B L−1, and 0.1 mg Na2–Fe–ethylenediaminetetraacetic acid (EDTA) L−1. The 
control plants were supplied with the nutrient solution only. The Cd treatments (150) were applied every week 
till the end of the experiment (31 day). The stock solution of GA3 (10–3 M) was diluted to a concentration of 
GA3 (10–6 M) and applied in foliar form by mixing it in Tween-20 and supplied in alternate manner from the 
initial day of Cd treatment. The chickpea plants were raised under controlled conditions in a growth chamber 
with conditions such as 220 μmol m−2 s−1 photosynthetically active radiation, daytime/nighttime temperatures 
of 29/23 °C and relative humidity of 65–68%. The treatments were as follows:

•	 0 Cd (Control)
•	 0 Cd + JA (1 nM) as priming
•	 0 Cd + GA3 (10–6 M) as foliar spray
•	 0 Cd + JA (1 nM) + GA3 (10–6 M) as priming + foliar spray
•	 Cd (150 μM)
•	 Cd (150 μM) + JA (1 nM) as priming
•	 Cd (150 μM) + GA3 (10–6 M) as foliar spray
•	 Cd (150 μM) + JA (1 nM) + GA3 (10–6 M) as priming + foliar spray

Plant growth, biomass and total chlorophyll estimation.  Shoot and root lengths of the 35 day old 
chickpea plants were measured with a manual scale. In order to calculate dry weight (DW), the plant samples 
were completely desiccated at 70–75 °C for 48 h; the dried material was then weighed on a weighing balance. 
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Chlorophyll measurements were carried out using the protocol of Arnon33. Fresh leaf samples (each 0.1 g), col-
lected from five week old plants were homogenized in 10 mL of 80% acetone. The homogenate was centrifuged 
for 5 min at 10,000 rpm. The supernatant was collected in a clean tube and the process was repeated till the 
residue became colorless. The absorbance of the solution was read at 480, 645, and 663 nm against the acetone 
solution used as a blank.

Estimation of cadmium.  For the measurement of Cd, 0.5 g dried plant material was acid digested using 
HNO3 (nitric acid) and HClO4 (perchloric acid) in 4:1 ratio at 60 °C by adopting the hot plate block method 
depicted by Jackson34. The sample analysis for Cd was conducted through an atomic-absorption spectropho-
tometer (AAS) (Perkin Elmer AA700, USA). Cadmium translocation factor was determined as per the method 
of Bose and Bhattacharyya. Bioconcentration factor (BCF) was computed as heavy metal accumulated in each 
plant tissue to that dissolved in the soil medium as shown below:

Translocation factor (TF) of cadmium was computed using the above equations as follows:

Determination of proline, glycine betaine and LRWC contents.  Proline in fresh leaf samples was 
examined following the Bates, et al.35 method. For experimentation, a 0.5 g leaf sample was crushed with 10 mL 
3% aqueous sulfosalicylic acid. The samples after filtering were measured for optical density at 520 nm using 
a spectrophotometer (Shimadzu UV-1800 UV, Kyoto Japan) and taking toluene as blank. Alongside, glycine 
betaine (GB) was also appraised according to the method of Grieve and Grattan36. The Leaf Relative Water Con-
tent (LRWC) was estimated using the following formula37:

Measurement of hydrogen peroxide (H2O2), lipid peroxidation (malondialdehyde) and elec‑
trolyte leakage.  Hydrogen peroxide (H2O2) content in fresh leaf samples was determined as reported in 
Zhou, et al.21. Frozen leaves of both control and treated plants (each 0.25 g) were homogenized in an ice bath 
with 1 mL 0.1% (w:v) TCA. The homogenate was centrifuged at 12,000×g for 15 min at 4 °C. Aliquots of 100 
μL from each tube were placed in 96-well plates and 50 μL of 10 mM potassium phosphate buffer (pH 7.0) and 
100 μL of 1 M KI were added to each well. Commercial grade H2O2 was used to generate a standard curve. The 
plate was briefly vortexed, incubated at room temperature for 30 min. and the absorbance readings were taken 
at 390 nm in a micro-plate reader. The content of H2O2 was determined using the standard curve. Malondialde-
hyde (MDA) content (indicator of lipid peroxidation) was measured in the form of thiobarbituric acid reactive 
substances (TBARS) following the Heath and Packer38 protocol. Leaf samples (each 0.5 g) were homogenized in 
10 mL 10% (w/v) trichloroacetic acid (TCA) solution on ice. The homogenate was centrifuged at 4000 rpm for 
10 min at 4 °C, and then the supernatant was collected. Two mL of 0.6% thiobarbituric acid (TBA) were added 
to 2 mL aliquot of the supernatant. The mixture was kept in boiling water for 15 min and then rapidly cooled in 
an ice bath. After centrifugating at 4000 rpm for 10 min, the absorbance of the supernatant at 532 and 600 nm 
was measured. The concentration of MDA was calculated according to its extinction coefficient 155 mM−1 cm−1. 
Electrolyte leakage was determined as per Sutinen, et al.39 method. For the determination of electrolyte leak-
age, the upper fourth fully expanded leaves were excised from the control and treated plants and rinsed with 
distilled deionized water. Ten leaf discs (5 mm in diameter) were punched and subsequently placed in glass bot-
tles each containing 15 mL of distilled deionized water. The bottles were then shaken at 300×g for 4 h in dark at 
25 °C. After that, the electrolyte leakage (EC1) in the solution was measured with a conductivity detector (DDS 
SJ-308A, China) at 25 °C. The solutions were then boiled for 20 min and cooled to room temperature. The elec-
trolyte leakage (EC2) of the boiled solution was measured at 25 °C. The below mentioned formula was used for 
calculating the electrolyte leakage (EL):

Enzyme extraction and activity determination.  For the preparation of enzyme extract and quantifi-
cation of their activities, fresh plant material (each 1000 mg) was ground in a buffer solution prepared by mixing 
the following ingredients: 100 mM Tris-hydrochloride solution (pH-8), DTT (5 mM), 1.5 mM EDTA, MgCl2 
(10 mM), PVP (1.5%), 5.0 mM magnesium acetate and aproptinin (1 μg mL−1). For the appraisal of activities 
of enzymes, the required amount of the supernatant was centrifuged for 15 min at 10,000×g. It should be noted 
that, for the extraction of APX, ascorbate (2 mM) was added separately to the buffer before its quantification.

Determination of superoxide dismutase (SOD; EC1.15.1.1) activity was carried out as per Ahanger, et al.46, 
based on the phenomenon of enzyme capability to hinder the light-dependent decrease in nitroblue tetrazoli-
umchloride (NBT). This sample mixture was mixed once, and the absorbance was taken at 560 nm. However, 

(1)Shoot bioconcentration factor : BCFs = Cshoot/Csoil

(2)Root bioconcentration factor : BCFr = Croot/Csoil

TF = BCFshoot/BCFroot

LRWC =

FW − DW

TW − DW
× 100

Electrolyte leakage % = EC1/EC2× 100
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the amount of enzyme essential to undergo 50% inhibition for photo-reduction rate of NBT was considered to 
be one unit of SOD activity. The calculation was done as enzyme units (EU) per mg of protein.

Estimation of catalase (CAT; EC 1.11.1.6) activity was done as stated by Nakano and Asada40, by reducing 
H2O2 followed by measuring the alteration in absorbance of the reaction mixture at 240 nm for 3 min. The cal-
culation was done as enzyme units (EU) per mg of protein.

Ascorbate peroxidase (APX; EC 1.11.1.11) activity was assessed by the protocol of Nakano and Asada40. The 
basis of measurement was reduction in the absorbance of the reaction mixture comprising H2O2 and ascorbic 
acid. Optical density of all treated samples was recorded at 290 nm for 2–3 min.

The glutathione reductase (GR; EC 1.6.4.2) activity was measured depending on the decline in absorbance 
of the reaction mixture comprising GSSG and NADPH at 340 nm for 3 min. This protocol was adopted from 
Foyer and Halliwell41. The enzyme activity was expressed as EU mg−1 of protein.

Determination of monodehydroascorbate reductase (MDHAR; EC1.6.5.4) activity was done following Hos-
sain, et al.42. The modulation in the absorbance of the treated samples was recorded spectrophotometrically at 
340 nm for 2–3 min. The activity of the enzyme was expressed as EU mg−1 protein.

The estimation of dehydroascorbate reductase (DHAR; EC 1.8.5.1) activity was done according to Hossain, 
et al.42. The OD of all samples was read at 265 nm for 2–3 min.

Glutathione-S-transferase (GST; EC 2.5.1.18) activity was measured following Hossain, et al.42. A change in 
absorbance at 340 nm was monitored for 1 min. The total protein contents in the plant enzyme extracts were 
estimated using the Coomassie brilliant blue G-25043.

Non‑enzymatic antioxidants.  Freshly stored plant samples (each 0.5 g) were macerated each in 5 mL of 
5% meta-phosphoric, centrifuged for 15 min at 11,500×g under refrigeration. The oxidized fraction was removed 
and reduced by adding 0.1 M dithiothreitol to determine the presence of total ascorbic acid (AsA). Total AsA and 
reduced AsA content were measured at 265 nm.

The estimation of dehydroascorbate (DHA) content was carried out by deducing the reduced AsA obtained 
from the total amount of AsA present. Estimation of reduced amounts of glutathione (GSH), glutathione disulfide 
(GSSG), and total glutathione (GSH + GSSG) was done following Griffith44. The determination of GSSG content 
was done after elimination of GSH by 2-vinylpyridine derivatization. The GSH quantification was done after 
deducting GSSG obtained from the total GSH content.

Methylglyoxal (MG) content estimation.  For estimating MG content, the procedure suggested by 
Wild, et al.45 was adopted. The glyoxalase I (Gly I; EC 4.4.1.5) activity of the samples was determined following 
Hossain, et al.42. Here, the extinction co-efficient of 3.37 mM−1 cm−1 was considered. Glyoxalase II (Gly II; EC 
3.1.2.6) activity in the leaf tissues was carried out as stated by Hossain, et al.42. Here, the extinction co-efficient 
of 13.6 mM−1 cm −1 was used.

Estimation of nutrient elements.  The dried samples of shoot and root were grounded to powder and 
then digested in sulphuric acid and nitric acid (1/5, v/v) for 24 h. After that the samples were treated with nitric 
acid and perchloric acid (5/1, v/v). The estimation of elemental content was performed by atomic absorption 
spectrophotometer (Analyst 300, Perkin-Elmer, Germany).

Statistical analysis.  The data of each variable was subjected to Statistix-10 for calculating one-way analysis 
of variance and Bonferroni test was employed to work out the differences among the mean values of all treat-
ments at P ≤ 0.05. The values presented in tables or figures represent means ± standard error (SE).

Results
Growth, biomass yield.  In the present study, Cd treatment reduced shoot height by 61.36% and root 
length by 65.24% with reference to the controls. However, JA treatment alone stimulated the shoot length by 
54.45% and root length by 36.27%, whereas gibberellic acid ameliorated the Cd-induced injurious effects by 
inclining shoot length and root length by 50.36% and 32.80%, respectively, comparable to those in plants sup-
plied with Cd only (Fig. 1A,B). Additionally, combined application of JA and GA3 to the Cd-treated chickpea 
plants improved the length of shoots by 70.89% and that of roots by 71.60%, respectively, with reference to plants 
treated with Cd only.

Cadmium stress decreased the shoot and root FW by 46.92% and 50.12%, respectively, over the corresponding 
controls. However, supplementation of JA or GA3 individually restored the FW, but the supplementation of the 
combined treatment of JA + GA3 to the Cd stressed plants enhanced the shoot FW by 55.17% and root FW by 
63.41% comparable to those in the Cd-treated plants (Fig. 1C,D). A remarkable decrease of about 37.44% and 
38.63% in shoot dry weight and root dry weight, respectively, was observed in the Cd-treated chickpea plants 
with respect to those in the controls. Individually applied JA to the Cd stressed plants elevated shoot as well as 
root dry weight by 42.42% and 29.62%, respectively. Moreover, individual GA3 application also enhanced shoot 
dry weight by 30.30% and root dry weight by 23.45% over those in the plants supplied with Cd only (Fig. 1E,F). 
The combined effect of JA + GA3 to the Cd exposed plants enhanced the shoot and root dry weights by 50.75% 
an 49.38%, respectively, over the controls, which is much higher than that shown by the individual effect of the 
either hormone. Although the PGRs applied individually had a beneficial effect in mitigating the injurious effects 
of Cd on various growth-related attributes in the chickpea plants, a significant interactive effect of the combined 
application of JA + GA3 + Cd was recorded for all growth variables (P ≤ 0.001), which indicates that both PGRs 
functioned synergistically to offset the adverse effects of Cd toxicity.
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Cd accumulation and translocation factor.  Plants raised under Cd treatment showed Cd accumula-
tion of 37.31 mg  kg−1 DW within roots followed by 15.57 mg  kg−1 DW in the shoots of the chickpea plants. 
Supplementing Cd stressed plants with JA decreased the Cd accumulation to 5.11 mg kg−1 DW in shoots and 
15.72 mg kg−1 DW in roots (Table 1). However, the Cd stressed plants supplemented with GA3 also showed a 
decline in metal accumulation in the present study. The combinatorial supplementation of JA + GA3 to Cd sup-
plemented plants lowered the Cd accumulation to 4.32 mg kg−1 DW in shoots and 14.31 mg kg−1 DW in roots, 
respectively. Translocation factor showed a declining trend under individual and combined application of JA 
and GA3. The TF was reduced from 0.417 to 0.325, and from 0.417 to 0.345 with JA and GA3, respectively. A 
further decrease from 0.417 to 0.301 was observed with the combined treatment of JA + GA3 to the Cd treated 
plants (Table 1). Overall, both PGRs supplemented singly, significantly reduced Cd accumulation in plant tis-
sues, whereas a considerable synergistic effect of the joint supplementation of JA + GA3 + Cd was noticed for all 
Cd transport related attributes, which was evident from a significant interactive effect of these PGRs on the metal 
uptake and accumulation (P ≤ 0.001).

Figure 1.   Ameliorating role of JA and GA3 applied individually and/or in combination on (A) shoot length, 
(B) root length (C) shoot FW, (D) root FW, (E) shoot DW and (F) root DW in Cd-stressed chickpea plants 
(Mean ± S.E.).
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Pigment system.  The Cd application led to a significant reduction in Chl a, Chl b and total Chl by 52.63%, 
55.81% and 53.33%, respectively, compared to the controls. Individual JA application enhanced Chl a by 54.16%, 
Chl b by 73.68% and total Chl by 58.24%, whereas GA3 supplementation also enhanced Chl a by 45.83%, Chl b 
by 52.63% and total Chl by 47.25% compared to those in the Cd-treated plants (Fig. 2A–C). Furthermore, the 
combined (JA and GA3) treatment had a prominent effect on pigment enrichment than that by either of the 
hormones applied individually. The carotenoid content increased by 25.64% with Cd stress compared to the con-
trols, however, exogenously applied JA and GA3 to the Cd-stressed plants boosted the carotenoid synthesis by 
18.36% and 8.16%, respectively, with respect to those in the plants stressed with Cd. The combined application of 
JA + GA3 further enhanced the carotenoid content by 36.73% in the Cd treated plants over the controls (Fig. 2D). 
Overall, individual or combined application of both PGRs showed a significant interactive effect (P ≤ 0.001) on 
reducing the injurious effects of Cd metal on different photosynthetic pigments.

Relative water content, proline and GB content.  In comparison with the controls, Cd stress decreased 
relative water content significantly by 49.84%, however, RWC was remarkably increased in the Cd-stressed 
plants supplied with JA and GA3. JA applied singly enhanced RWC by 45.55%, while GA3 ameliorated the toxic 
effects of Cd by increasing RWC up to 39.08% with respect to that in the controls (Fig. 2E). The combined sup-
plementation of JA and GA3 was more effective in stress alleviation by increasing RWC content by 70.34% over 
the controls. With respect to the control, the Cd-stressed plants supplemented with JA and GA3 displayed no sig-
nificant difference in proline and GB accumulation. The plants raised under Cd resulted in enhanced accretion 
of proline and GB by 5.31-fold and 4.65-fold correspondingly, compared with the controls (Fig. 2F,G). Proline 
and GB contents in the chickpea plants increased by 5.71-fold and 6.30-fold, respectively, under the individual 
application of JA to the Cd-stressed plants (Cd + JA). GA3 supplemented individually to the Cd-stressed plants 
also enhanced the proline content by 5.53-fold and GB by 5.92-fold over the controls. Additionally, a remark-
able increase of 6.08-fold and 7.64-fold in proline and GB content, respectively, was recorded when the plants 
subjected to Cd were supplemented with JA and GA3 in combination (Cd + JA + GA3). Generally, a significant 
interactive impact (P ≤ 0.001) of both PGRs applied singly or jointly with Cd metal was recorded on all three 
physio-biochemical attributes.

H2O2, MDA content and EL.  Cadmium stress increased H2O2, MDA and EL by 215.66%, 61.70% and 
76.25% with reference to those in the controls. Plants exposed to Cd stress when supplemented with JA sin-
gly showed a decline in H2O2, MDA and EL by 88.01%, 30.37% and 60.11%, respectively, over the controls 
(Fig. 3A–C). Foliar application of GA3 decreased H2O2, MDA and EL by 91.70%, 35.75% and 65.35%, respec-
tively, as compared to the controls. A sharp decline of 70.04%, 21.83% and 51.23% in H2O2, MDA and EL, 
respectively, was recorded in the Cd-treated plants after supplementation with the combined supply of JA and 
GA3 (Cd + JA + GA3), respectively. Both PGRs fed to the chickpea plants had a significant synergistic effect on 
reducing all three physio-biochemical attributes in the Cd-stressed chickpea plants, which was evident from a 
highly significant interaction of these PGRs with Cd (P ≤ 0.001).

Antioxidant enzymes’ activities.  Cadmium stress increased the SOD, CAT and GST activities by 
73.76%, 97.47% and 65.54% when compared to those in the untreated plants. JA application to the Cd stressed 
plants showed a further increase in the activity of SOD (89.76%), CAT (110.25%) and GST (100.19%) compared 
with the controls. Individual application of GA3 to the Cd affected plants also caused an increase in the activity of 
SOD by 87.41%, CAT by 105.99% and GST by 85.72% compared with the controls (Fig. 3D–F). Conversely, the 
combined effect of JA + GA3 on the Cd-stressed plants further accelerated the activities of SOD, CAT and GST 
by 113.13%, 115.93% and 152.85%, respectively, relative to the controls.

Activities of the AsA‑GSH pathway enzymes.  Under normal growing conditions, no significant difference in 
enzyme activities of the ASA-GSH pathway was observed in plants supplemented with JA and GA3. As compared 
to the control, the plants experiencing Cd stress showed higher APX activity (59.66%), and the activity was 
enhanced by 96.81% and 79.17% on individual supplementation of JA and GA3, respectively, to the Cd-stressed 

Table 1.   Effect of JA and GA3 applied individually and/or in combination on Cd accumulation in shoot and 
root, and translocation factor in chickpea under Cd toxicity (Mean ± S.E.).

Treatments Shoot Cd (mg kg−1 DW) Root Cd (mg kg−1 DW) Translocation factor (TF)

0 ND ND ND

JA ND ND ND

GA3 ND ND ND

JA + GA3 ND ND ND

Cd 15.57 ± 0.63a 37.31 ± 1.41a 0.417 ± 0.01a

Cd + JA 5.11 ± 0.12b 15.72 ± 0.38b 0.325 ± 0.01bc

Cd + GA3 5.56 ± 0.14b 16.11 ± 0.40b 0.345 ± 0.01b

Cd + JA + GA3 4.32 ± 0.09b 14.31 ± 0.32b 0.301 ± 0.01c
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plants (Fig. 4A). Higher APX activity (171.85%) was observed in Cd-treated chickpea plants when JA and GA3 
were applied in combination. While comparing with the controls, the GR activity was found to be triggered by 
46.78% in the Cd-stressed chickpea plants (Fig. 4B). Furthermore, JA-pre-treated Cd stressed plants (Cd + 1 nM 
JA) showed increased GR activity by 99.50%, whereas GA3 + Cd increased the GR activity by 95.71% compared 
with the controls. The combined application of JA and GA3 further enhanced the GR activity by 148.92% in the 
Cd treated plants with respect to the control. Cadmium stress decreased the activity of DHAR by 46.78% and 
MDHAR by 45.90% compared with the controls (Fig. 4C,D). However, JA-priming resulted in a less decrease in 
DHAR and MDHAR activities by 15.08% and 23.11%, respectively, under Cd stress. Foliar addition of GA3 in 
Cd-supplemented plants also recorded less decrease in the activity of DAHR by 24.45% and MDHAR by 28.26%. 
The combined application of JA and GA3 to the Cd-stressed plants showed a minimal decrease by 7.36% and 

Figure 2.   Restoration of (A) chlorophyll a, (B) chlorophyll b, (C) total chlorophyll, (D) carotenoid content, (E) 
RWC: relative water content, (F) proline content, and (G) GB: glycinebetaine in Cd-stressed chickpea plants by 
external supplementation of JA and GA3 applied individually and/or in combination (Mean ± S.E.).
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7.69% in DHAR and MDHAR activity, respectively, compared to the respective controls. From the analysis of 
variance of the data for all the afore-mentioned enzymes, it is evident that both PGRs functioned synergistically 
(Interaction term JA + GA3 + Cd, P ≤ 0.001) to modulate the activities of these enzymes under Cd toxicity.

JA maintained the contents of ascorbic Acid (AsA), GSH, and GSSG, and GSH/GSSG ratio.  During normal 
growth conditions, no significant effect of JA and GA3 was recorded on AsA levels. The AsA levels showed a 
sharp decline by 59.18% relative to the control when the plants were subjected to cadmium stress (Fig. 4E). Fur-
thermore, the AsA levels further increased in the cadmium treated plants when supplemented with JA and GA3 
either alone or in combination. However, the combined treatment of JA + GA3 showed a maximal enhancement 
in AsA levels by 65% in the plants subjected to Cd stress relative to those of Cd-alone treated plants. An increase 
of 63.47% was observed in GSH concentration in the plants under Cd stress, relative to the control (Fig. 4F). 
Jasmonic acid pre-treatment and foliar supplementation of GA3 to the Cd-stressed pants showed a further esca-
lation in GSH content by 6.38% and 19.68%, respectively, compared with the controls. Further, the Cd affected 

Figure 3.   Effect of JA and GA3 applied individually or in combination decreased the oxidative stress 
biomarkers, (A) H2O2: hydrogen peroxide content, (B) MDA: malondialdehyde content, (C) EL: electrolyte 
leakage, (D) SOD: superoxide dismutase, (E) CAT: catalase and (F) GST: glutathione-S-transferase in 
Cd-stressed chickpea plants (Mean ± S.E.).
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plants supplemented with JA + GA3 in combination showed enhanced GSH activity by 22.34% with regard to 
that in Cd-alone treated plants.

Cadmium metal toxicity enhanced the GSSG content by 39.57% relative to the control (Fig. 4G). However, 
further enhancements by 6.50% and 14.08% were observed by the individual supplementation of JA and GA3 
to the Cd treated plants compared with the controls. The combined treatment of JA + GA3 to Cd-supplemented 
plants exhibited a further enhancement in the GSSG content by 15.54% with regard to the control. The GSH/
GSSG ratio increased by 17.06% under Cd stress. However, exogenously applied JA and GA3 individually as well 
as in combination did not show any significant effect on the GSH/GSSG ratio (Fig. 4H). All the afore-mentioned 

Figure 4.   Supplementation of JA and GA3 individually and/or in combination enhanced the activities of 
the ascorbate–glutathione cycle enzymes, (A) APX: ascorbate peroxidase, (B) GR: glutathione reductase, 
(C) DHAR: dehydroascorbate reductase, (D) MDHAR: monodehydroascorbate reductase, (E) AsA: ascorbic 
acid content, (F) GSH: reduced glutathione, (G) GSSG: oxidized glutathione, and (H) GSH/GSSG ratio in 
Cd-stressed chickpea plants (Mean ± S.E.).
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variables were synergistically regulated by the combined supplementation of both PGRs (P ≤ 0.001), indicating 
that the negative impact of the metal was alleviated markedly on these attributes.

Methylglyoxal (MG) and glyoxalase system.  Higher levels of MG (82.98%) were observed in the plants stressed 
with Cd compared with the control. However, the Cd-stressed chickpea plants treated with JA and GA3 individu-
ally showed a significant reduction by 25.96% and 21.86% compared with the controls (Fig. 5A). The cadmium 
stressed plants illustrated a maximal decrease (33.78%) in the MG level when supplemented with the com-
bined application of JA + GA3 with respect to the controls. The GlyI and GlyII activities declined by 38.82% and 
28.57%, respectively, under Cd stress over the controls (Fig. 5B,C). Relative to those in the Cd-treated plants, 
JA-pretreatment suppressed the activities of both GlyI (32.69%) and GlyII (22.50%) enzymes in the Cd stressed 
plants. Foliar application with GA3 to the Cd-stressed plants also caused an improvement in the GlyI and GlyII 
activities by 21.15% and 10%, respectively, over the controls. Higher GlyI activity by 44.23% and that of GlyII by 
32.50% were observed when JA + GA3 was applied in combination to the Cd stressed plants over the controls.

Mineral elements.  As evident from the results, the shoot mineral accumulation declined under Cd stress. The 
shoot S, Mg, Ca, K and P contents were declined by 45.34%, 45.73%, 49.02%, 46.61% and 51.23%, respectively, 
with regard to the respective controls (Fig. 6A–E). JA priming to Cd-stressed plants increased the accumula-
tion of S by 22.75%, Mg by 26.80%, Ca by 40.49%, K by 32.60%, and P by 30.10% compared with the controls. 
Cadmium stressed plants supplemented with GA3 increased the shoot S, Mg, Ca, K and P contents by 13.62%, 
20.61%, 33.39%, 27.02% and 23.63%, respectively, compared with the controls. The combined application of 
JA + GA3 to the Cd-treated plants further enhanced the contents of shoot S by 48.20%, Mg by 49.22%, Ca by 
55.85%, K by 56.25%, and P by 67.07% with respect to the controls. Similarly, root S, Mg, Ca, K and P con-
tents were found to be decreased significantly under Cd stress by 56.78%, 55.78%, 51.00%, 53.17% and 53.23%, 
respectively, compared to the controls (Fig. 7A–E). JA and GA3 applied singly increased root S, Mg, Ca, K and 
P contents by 27.12%, 36.19%, 22.05%, 49.64%, 43.08% and 15.95%, 41.02%, 16.41%, 39.34%, 33.51%, respec-
tively, in the chickpea plants under Cd stress with respect to the controls. However, the combined application of 
JA + GA3 further enhanced the accumulation of root S by 65.95%, Mg by 67.14%, Ca by 54.35%, K by 83.13%, 
and P by 65.42% in the Cd-stressed plants. Although the PGRs supplied singly had a positive impact to assuage 
the deleterious effects of Cd on all mineral nutrients determined in the chickpea plants, a significant interac-
tive effect of the combined application of JA + GA3 + Cd was found for all mineral nutrients (P ≤ 0.001), which 

Figure 5.   Supplementation of JA and GA3 individually and/or in combination decreased the (A) methyglyoxal 
(MG) content, and boosted the activities of the glyoxalase system enzymes (B) GlyI and (C) GlyII in Cd-stressed 
chickpea plants (Mean ± S.E.).
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shows that both PGRs worked synergistically to improve the uptake and accumulation of all beneficial inorganic 
nutrients under Cd toxic regimes. 

Discussion
Due to its extremely toxic nature, Cd has widely been reported to impede normal metabolic processes and 
functioning of plants46–48. During the present study, chickpea plants exposed to Cd adversity displayed reduced 
growth and biomass production. The primary reasons for Cd-induced decline in growth have been reported 
in different studies, e.g., reduced photosynthetic machinery8,24, and restricted water and mineral uptake by 
roots48,49. However, improved growth and biomass in chickpea were observed upon seed priming with JA and 
foliar application with GA3 alone or in combination, indicating their synergistic role in promoting growth and 
biomass yield under stress conditions. Analogously, foliar-applied GA3 increased growth and biomass yield 
in lettuce by promoting cell division and elongation24,50. GA3-induced growth promotion can be ascribed to 
increased biomass by promoting synthesis of DNA, RNA, nuclear material and proteins51,52, improved enzyme 
activity and optimal nutrient uptake2,24 Combined application of JA and GA3 displayed more pronounced effect 

Figure 6.   External supplementation of JA and GA3 individually and/or in combination restored the shoot 
mineral elements; (A) sulfur (S), (B) magnesium (Mg), (C) calcium (Ca), (D) potassium (K), and (E) 
phosphorus (P) in Cd-stressed chickpea plants (Mean ± S.E.).



12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:19768  | https://doi.org/10.1038/s41598-021-98753-8

www.nature.com/scientificreports/

on growth and biomass yield in the current study that could be related to enhanced enzyme activities, higher 
accumulation of osmoprotectants and low metal translocation under cadmium stress.

Being highly mobile, Cd in plants gets accumulated in shoot and root53. During our study, we found higher 
Cd accumulation in roots than in shoot. It is believed that metal toxicity in plants directly depends on the amount 
of metal accumulating in plant parts, and its distribution and partitioning in different organs14,53. Notably, roots 
stand as the principal site of plants to come in direct contact with metal ions, which in turn regulate their flux 
inside the root tissues54,55. Nonetheless, chickpea roots accrued maximal quantities of Cd under Cd toxic regimes, 
under both the conditions of supply or non-supply of JA and GA3. However, the Cd-stressed plants treated 
with JA and GA3 accumulated very low quantity of Cd in both roots and shoots, so as to minimize Cd-induced 
impairments thereby boosting the overall growth of the chickpea plants. Possibly, JA mediated the biosynthesis 
of various organic acids in the root exudates or they might have also released thiol-like compounds for effective 
sequestration of Cd in the roots as a defensive mechanism56. Likewise, a similar kind of trend was also observed 
in the studies involving Cd and Cu metal ions14.

Figure 7.   External supplementation of JA and GA3 individually and/or in combination restored the root 
mineral elements, (A) sulfur (S), (B) magnesium (Mg), (C) calcium (Ca), (D) potassium (K), and (E) 
phosphorus (P) in Cd-stressed chickpea plants (Mean ± S.E.).
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Photosynthetic pigments.  The extent of damage to the photosynthetic system from various environmen-
tal perturbations can best be explained through the disruption of photosynthetic pigments8,24. In response to Cd 
stress, severe reductions in chlorophyll and carotenoid pigments were observed during the present study. Reduc-
tion in chlorophyll and carotenoid pigments might have been due to the destruction of enzymatic machinery 
of the chlorophyll biosynthesis pathway and photosystem damage57,58, down-regulation of enzymatic activity59, 
and replacement of Mg2+ with Cd2+ in chlorophyll structures60. Usually, JA shields chlorophyll pigments under 
adverse metal conditions14,58. For example, JA application increased chlorophyll synthesis in Capsicum frutes‑
cens raised on Cd amended soils61, Glycine max under Ni stress62, and alfalfa under Cu Stress14. JA-mediated 
enhancement in photosynthetic pigments in the present study could be attributed to the synthesis of numerous 
secondary metabolites such as alkaloids, phenolics, and anthocyanins in various plant species56,58, which in turn 
can reduce Cd uptake and promote root mitotic activity62. Moreover, the application of GA3 stimulated chlo-
rophyll synthesis in the chickpea plants raised on high Cd regimes. Our results corroborate well with those of 
Falkowska, et al.63 in Chlorella vulgaris, and Hasan, et al.24 in Vigna radiata. An increased pigment content under 
Cd stress upon foliar application of GA3 might have been due to limited oxidative damage and proper growth 
with enhanced antioxidant mechanisms.

Relative water content, and proline and GB contents.  RWC is considered to be one of the prospec-
tive stress indicators64,65. Exposure of chickpea plants to Cd resulted in decreased RWC in the present investiga-
tion. Several workers have shown significant changes in RWC under Cd ion toxicity in different plant species 
such as Vigna aconitifolia and Phaseolus vulgaris66,67 which were ascribed to high assimilation rate of metal ions 
in roots, so as to safeguard the upper plant parts from high accumulation of Cd by promoting optimal water 
uptake to the aerial parts56,64,68. Jasmonic acid counteracted the negative effects of Cd by increasing RWC in the 
chickpea plants in the present investigation. For example, supplementation of JA improved RWC content in 
Phaseolus coccineus and wheat plants69,70. Similarly, foliar applied GA3 alleviated the severe effects of Cd by aug-
menting RWC levels through reduction in metal accumulation24,71, increased root elongation and shoot biomass, 
and enhanced enzyme activities72.

Plants under stressful environments accumulate several compatible molecules like GB, proline and sugars to 
overcome osmotic stress triggered by several abiotic stress conditions73,74. Excessive proline amassing under stress 
helps plants to maintain redox potential and help in osmotic adjustments for stabilizing cellular structures and 
ROS scavenging75,76. Increased proline levels were observed in the chickpea plants upon priming with JA similar 
to that of Conrad, et al.77 who reported up-regulation of the proline rich proteins in the cells, thereby protecting 
the cells from ferroptosis by quenching free radicals. GA3 also improved proline levels that overcame the adversity 
created by salinity via regulating membrane permeability and improving macro- as well as micro-nutrients24,78. 
GB is widely known to maintain cellular osmo-regulatory processes in various plant species under different stress 
conditions79–81. GB is also believed to be involved in ROS quenching, safeguarding the photosynthetic machinery, 
up-regulating the stress-responsive genes, and preserving protein conformations79,80. Moreover, the application 
of both hormones promoted the accumulation of GB in the Cd-treated chickpea plants. Likewise, externally 
supplied JA was reported to considerably trigger betaine levels in Glycine max plants under Ni stress62, and Vicia 
faba and Mentha arvensis under Cd stress82,83. It could have been mainly due to up-regulation of BADH (betaine 
aldehyde dehydrogenase) in plants under metal stresses79,84.

Cadmium stress enhanced H2O2 production, MDA levels and electrolyte leakage.  Cadmium 
stress imposed to the chickpea plants induced enhanced H2O2 production, although under stressful conditions 
H2O2 is known to play a pivotal role in signaling57,85; conversely, it is also deliberated to be the chief ROS mol-
ecule negatively affecting plant cells11. Cd stress causes lipid peroxidation and enhances MDA production, which 
in turn perturbs the fluidity and integrity of biological membranes86,87, besides these, H2O2 also obstructs the 
Calvin cycle thereby causing perturbance in the rates of photosynthesis85. However, application of both JA and 
GA3 reduced the levels of both H2O2 and MDA in the Cd-stressed chickpea plants in the current investigation. 
JA is known to shield the cell membrane components by recovering the plants from lipid peroxidation induced 
by Cd stress82,88. JA is known to cause reduced accumulation of H2O2 and MDA by increasing antioxidant activi-
ties that help quench the ROS20,89. Our results are in agreement with those of Hasan, et al.24, and Hanaka, et al.70 
who demonstrated that JA and GA3 application improved RWC, and decreased EL, and production of H2O2 and 
MDA under Cd stress.

JA and GA3 improved antioxidant activity under Cd stress.  Oxidative burst-mediated deterioration 
of plant tissues is mainly initiated by the ROS in plants. ROS production and antioxidative enzymes imbalance 
in cells during metal toxicity in plants, inevitably resulting in oxidative stress that leads to several physiologi-
cal disorders3,8. Several studies regarding ROS mediated deterioration of proteins, nucleic acids and lipids have 
been carried out recently1,90. To counteract such situations, a robust antioxidant system based on enzymatic and 
non-enzymatic antioxidants exists in plants for redox balance91,92. Analogous to our study, several recent studies 
have demonstrated reduced modulations of antioxidant enzymes under Cd stress conditions24,90,93. However, JA 
and GA3 application modulated the AsA-GSH enzyme cycle differently, through altering the activities of APX, 
MDHAR, and DHAR to a varying level. Moreover, JA and GA3 treatment caused an enhancement in GR activ-
ity. It can mediate a well sustained redox status probably by renewing GSH from GSSG, which is well supported 
with the upsurge in GSH levels along with GSG/GSSG ratio. It has also been demonstrated that plants thriving 
under different environmental perturbations may activate the GSH dependent defense mechanisms that play a 
pivotal role in plant protection91,94. The AsA-GSH associated defense mechanism under JA and GA3 supplemen-
tation demonstrated further increased levels of GSH. This might have been the reason behind the biosynthesis 
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and modulation of GR activity under Cd stress; this might have subsequently contributed in GST and GPX-
facilitated effectual decontamination of hydroperoxides. Our results are in agreement with those of Gangwar, 
et al.95 who demonstrated an increase in the AsA-GSH cycle enzymes in Pisum sativum under chromium stress. 
Similar findings were also reported by Hassan and Mansoor96 in mung bean. Some other authors have also dem-
onstrated an upsurge in the AsA-GSH pathway enzymes under different environmental stresses97,98.

JA and GA3 modulated the glyoxylase cycle to alleviate Cd toxicity.  Due to pertinent involvement 
in redox balance and MG detoxification, the GSH-dependent Gly system was studied in the present study to 
decipher its role in improving Cd stress tolerance under the effect of JA and GA3 application. The study revealed 
that the MG concentration under Cd stress was enhanced possibly because of the non-significant activities of the 
glyoxylase enzymatic system (both Gly I and Gly II enzymes). Furthermore, impaired activity of Gly II may also 
enhance GSH in a way that the resultant S-lactoylglutathione accumulation may become extremely cytotoxic42. 
JA and GA3 application reversed the toxic effects of MG by enhancing the activities of GlyI and GlyII enzymes, 
which in turn might have protected the plant cells from the cytotoxic effects of MG99. Our findings are in line 
with those of Hossain, et al.42 in mung bean. Increased Cd stress tolerance in the chickpea plants under JA and 
GA3 application can be attributed to higher antioxidant enzyme activities (APX, GPX, and GST), improved Gly 
enzyme (Gly I and II) activities, increased nutrient uptake, and efficient ROS detoxification.

JA and GA3 reduced metal uptake and increased nutrient accumulation under Cd stress.  The 
present study demonstrated a reduced mineral uptake which corroborates with other studies46,82,100. The reduced 
uptake of minerals may be attributed to the competition of Cd with other toxic metals for the same transporters101. 
Addition of JA to plant growth medium can reduce the Cd buildup and boost mineral uptake of ions like, Ca, 
Na, Mg, K, Cu, P and Fe102. JA and GA3 applied either independently or in combinatorial form reduced the Cd 
translocation and increased the nutrient uptake by the plants possibly through the restoration of H+-ATPase 
activity102, maintenance of osmotic potential103, and enhancement in antioxidant machinery103,104. Additionally, 
application of GA3 was reported to also improve growth, photosynthetic activities, and mineral nutrient uptake 
in Glycine max105. Taken together, our results show that application of JA and GA3 alleviated the Cd toxicity in 
the chickpea plants by reducing Cd uptake, improving pigment content, enhancing osmolytes’ accumulation, 
and modulating the key enzymes of the ascorbate glutathione pathway and glyoxylase cycle.

Conclusions
The present study elucidated that the Cd toxicity in the chickpea plants led to decreased biomass, pigment con-
centrations, and RWC, but it enhanced MDA levels and triggered ROS production. However, supplementation of 
JA along with GA3 proved to be a viable approach for enabling the chickpea plants to thrive well under Cd stress. 
The supplementation of JA and GA3 improved photosynthetic characteristics through pigment protection, and 
maintenance of water balance. Apart from these functions, the combined application of JA and GA3 proved to be 
very effective in enhancing osmolyte accumulation and effectively detoxifying the ROS through improving the 
capabilities of both enzymatic as well as non-enzymatic antioxidants to avert oxidative damage. Moreover, the 
combined JA and GA3 application played a pivotal role in maintaining the AsA/DHA and GSH/GSSG ratios that 
also helped to reduce the oxidative damage through regulation of the GSH-based Gly systems to detoxify MG. 
Additionally, seed priming with JA and foliar application of GA3 reduced the Cd accumulation and enhanced 
the uptake of essential mineral nutrients in the chickpea plants. The synthetic plant growth regulators tested in 
the current study are quite costly, so before recommending to the farmers for their widespread use under natural 
field conditions, there is a need to work out benefit/cost ratio of each PGR. Nonetheless, the concentrations used 
of both JA and GA3 in the present study for seed priming and foliage spray are very low, so very little amount 
of both PGRs have been used that have shown alarming results in terms of counteracting the adverse effects of 
Cd on chickpea plants. Moreover, since seed priming technique does not require much amount of a PGR, so 
this technique, if effective in offsetting the stress-induced adversity, can be of widespread use by the farmers.

Received: 26 January 2021; Accepted: 26 July 2021

References
	 1.	 Gao, M., Xu, Y., Chang, X., Dong, Y. & Song, Z. Effects of foliar application of graphene oxide on cadmium uptake by lettuce. J. 

Hazard. Mater. 398, 122859 (2020).
	 2.	 Sytar, O., Kumari, P., Yadav, S., Brestic, M. & Rastogi, A. Phytohormone priming: Regulator for heavy metal stress in plants. J. 

Plant Growth Regul. 38, 739–752 (2019).
	 3.	 Adil, M. F. et al. Zinc alleviates cadmium toxicity by modulating photosynthesis, ROS homeostasis, and cation flux kinetics in 

rice. Environ. Pollut. 265, 114979 (2020).
	 4.	 Hasan, M. et al. Assisting phytoremediation of heavy metals using chemical amendments. Plants 8, 295 (2019).
	 5.	 Liu, X. et al. Combined application of silicon and nitric oxide jointly alleviated cadmium accumulation and toxicity in maize. 

J. Hazard. Mater. 395, 122679 (2020).
	 6.	 Mishra, S. et al. Environmental Biotechnology: For Sustainable Future 103–125 (Springer, 2019).
	 7.	 Singh, H., Bhat, J. A., Singh, V. P., Corpas, F. J. & Yadav, S. R. Auxin metabolic network regulates the plant response to metalloids 

stress. J. Hazard. Mater. 405, 124250 (2020).
	 8.	 Zhao, C. et al. Evolution of chloroplast retrograde signaling facilitates green plant adaptation to land. Proc. Natl. Acad. Sci. USA 

116, 5015–5020 (2019).
	 9.	 Jia, H. et al. Exogenous phosphorus treatment facilitates chelation-mediated cadmium detoxification in perennial ryegrass 

(Lolium perenne L.). J. Hazard. Mater. 389, 121849 (2020).



15

Vol.:(0123456789)

Scientific Reports |        (2021) 11:19768  | https://doi.org/10.1038/s41598-021-98753-8

www.nature.com/scientificreports/

	 10.	 Tang, L. et al. Mechanisms of water regime effects on uptake of cadmium and nitrate by two ecotypes of water spinach (Ipomoea 
aquatica Forsk.) in contaminated soil. Chemosphere 246, 125798 (2020).

	 11.	 Ahmad, P., Ahanger, M. A., Alyemeni, M. N., Wijaya, L. & Alam, P. Exogenous application of nitric oxide modulates osmolyte 
metabolism, antioxidants, enzymes of ascorbate-glutathione cycle and promotes growth under cadmium stress in tomato. 
Protoplasma 255, 79–93 (2018).

	 12.	 Alyemeni, M. N. et al. Selenium mitigates cadmium-induced oxidative stress in tomato (Solanum lycopersicum L.) plants by 
modulating chlorophyll fluorescence, osmolyte accumulation, and antioxidant system. Protoplasma 255, 459–469 (2018).

	 13.	 Khanna, K. et al. Plant growth promoting rhizobacteria induced Cd tolerance in Lycopersicon esculentum through altered anti-
oxidative defense expression. Chemosphere 217, 463–474 (2019).

	 14.	 Dai, H. et al. Exogenous jasmonic acid decreased Cu accumulation by alfalfa and improved its photosynthetic pigments and 
antioxidant system. Ecotoxicol. Environ. Saf. 190, 110176 (2020).

	 15.	 Nazir, Y. et al. Different classes of phytohormones act synergistically to enhance the growth, lipid and DHA biosynthetic capacity 
of Aurantiochytrium sp. SW1. Biomolecules 10, 755 (2020).

	 16.	 Sofy, M. R., Seleiman, M. F., Alhammad, B. A., Alharbi, B. M. & Mohamed, H. I. Minimizing adverse effects of pb on maize 
plants by combined treatment with jasmonic, salicylic acids and proline. Agronomy 10, 699 (2020).

	 17.	 Ali, M. & Baek, K.-H. Jasmonic acid signaling pathway in response to abiotic stresses in plants. Int. J. Mol. Sci. 21, 621 (2020).
	 18.	 Ruan, J. et al. Jasmonic acid signaling pathway in plants. Int. J. Mol. Sci. 20, 2479 (2019).
	 19.	 Smoleń, S., Lukasiewicz, A., Klimek-Chodacka, M. & Baranski, R. Effect of soil salinity and foliar application of jasmonic acid 

on mineral balance of carrot plants tolerant and sensitive to salt stress. Agronomy 10, 659 (2020).
	 20.	 Wang, J., Song, L., Gong, X., Xu, J. & Li, M. Functions of jasmonic acid in plant regulation and response to abiotic stress. Int. J. 

Mol. Sci. 21, 1446 (2020).
	 21.	 Zhou, B., Wang, J., Guo, Z., Tan, H. & Zhu, X. A simple colorimetric method for determination of hydrogen peroxide in plant 

tissues. Plant Growth Regul. 49, 113–118 (2006).
	 22.	 Khan, A. et al. Silicon and gibberellins: Synergistic function in harnessing ABA signaling and heat stress tolerance in date palm 

(Phoenix dactylifera L.). Plants 9, 620 (2020).
	 23.	 Zhu, G. et al. Effects of gibberellic acid on water uptake and germination of sweet sorghum seeds under salinity stress. Chil. J. 

Agric. Res. 79, 415–424 (2019).
	 24.	 Hasan, S., Sehar, Z. & Khan, N. A. Gibberellic acid and sulfur-mediated reversal of cadmium-inhibited photosynthetic perfor-

mance in mungbean (Vigna radiata L.) involves nitric oxide. J. Plant Growth Regul. 39, 1605–1615 (2020).
	 25.	 Vishal, B. & Kumar, P. P. Regulation of seed germination and abiotic stresses by gibberellins and abscisic acid. Front. Plant Sci. 

9, 838 (2018).
	 26.	 Colebrook, E. H., Thomas, S. G., Phillips, A. L. & Hedden, P. The role of gibberellin signalling in plant responses to abiotic stress. 

J. Exp. Biol. 217, 67–75 (2014).
	 27.	 Saijo, Y. & Loo, E. P. Plant immunity in signal integration between biotic and abiotic stress responses. New Phytol. 225, 87–104 

(2020).
	 28.	 Chauhan, Y. et al. Characterisation of chickpea cropping systems in Australia for major abiotic production constraints. Field 

Crops Res. 204, 120–134 (2017).
	 29.	 Grela, E. R. et al. Chemical composition of leguminous seeds: Part I—content of basic nutrients, amino acids, phytochemical 

compounds, and antioxidant activity. Eur. Food Res. Technol. 243, 1385–1395 (2017).
	 30.	 Shahi, S., Kumar, R. & Srivastava, M. Antioxidant enzyme and biochemical behaviour of chickpea cv. bg-256 and csg-8962 under 

salt stress conditions. Appl. Biol. Res. 21, 74–80 (2019).
	 31.	 FAOSTAT. https://​www.​fao.​org/​faost​at/​en/#​data/​QC (2018).
	 32.	 Metwally, A., Safronova, V. I., Belimov, A. A. & Dietz, K.-J. Genotypic variation of the response to cadmium toxicity in Pisum 

sativum L. J. Exp. Bot. 56, 167–178 (2005).
	 33.	 Arnon, D. I. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta vulgaris. Plant Physiol. 24, 1–15 (1949).
	 34.	 Jackson, M. Soil chemical analysis Vol. 498 (Prentice Hall Inc., 1958).
	 35.	 Bates, L. S., Waldren, R. P. & Teare, I. Rapid determination of free proline for water-stress studies. Plant Soil 39, 205–207 (1973).
	 36.	 Grieve, C. & Grattan, S. Rapid assay for determination of water soluble quaternary ammonium compounds. Plant Soil 70, 

303–307 (1983).
	 37.	 Kolahi, M., Kazemi, E. M., Yazdi, M. & Goldson-Barnaby, A. Oxidative stress induced by cadmium in lettuce (Lactuca sativa 

Linn.): Oxidative stress indicators and prediction of their genes. Plant Physiol. Biochem. 146, 71–89 (2020).
	 38.	 Heath, R. L. & Packer, L. Photoperoxidation in isolated chloroplasts: I. Kinetics and stoichiometry of fatty acid peroxidation. 

Arch. Biochem. Biophys. 125, 189–198 (1968).
	 39.	 Sutinen, M.-L., Palta, J. P. & Reich, P. B. Seasonal differences in freezing stress resistance of needles of Pinus nigra and Pinus 

resinosa: Evaluation of the electrolyte leakage method. Tree Physiol. 11, 241–254 (1992).
	 40.	 Nakano, Y. & Asada, K. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell 

Physiol. 22, 867–880 (1981).
	 41.	 Foyer, C. H. & Halliwell, B. The presence of glutathione and glutathione reductase in chloroplasts: A proposed role in ascorbic 

acid metabolism. Planta 133, 21–25 (1976).
	 42.	 Hossain, M. A., Hasanuzzaman, M. & Fujita, M. Up-regulation of antioxidant and glyoxalase systems by exogenous glycinebetaine 

and proline in mung bean confer tolerance to cadmium stress. Physiol. Mol. Biol. Plants 16, 259–272 (2010).
	 43.	 Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of 

protein-dye binding. Anal. Biochem. 72, 248–254 (1976).
	 44.	 Griffith, O. W. Determination of glutathione and glutathione disulfide using glutathione reductase and 2-vinylpyridine. Anal. 

Biochem. 106, 207–212 (1980).
	 45.	 Wild, R., Ooi, L., Srikanth, V. & Münch, G. A quick, convenient and economical method for the reliable determination of 

methylglyoxal in millimolar concentrations: The N-acetyl-L-cysteine assay. Anal. Bioanal. Chem. 403, 2577–2581 (2012).
	 46.	 Ahanger, M. A., Aziz, U., Alsahli, A., Alyemeni, M. N. & Ahmad, P. Combined kinetin and spermidine treatments ameliorate 

growth and photosynthetic inhibition in Vigna angularis by up-regulating antioxidant and nitrogen metabolism under cadmium 
stress. Biomolecules 10, 147 (2020).

	 47.	 Kaya, C., Akram, N. A., Ashraf, M., Alyemeni, M. N. & Ahmad, P. Exogenously supplied silicon (Si) improves cadmium toler-
ance in pepper (Capsicum annuum L.) by up-regulating the synthesis of nitric oxide and hydrogen sulfide. J. Biotechnol. 316, 
35–45 (2020).

	 48.	 Kaya, C., Ashraf, M., Alyemeni, M. N. & Ahmad, P. Responses of nitric oxide and hydrogen sulfide in regulating oxidative 
defence system in wheat plants grown under cadmium stress. Physiol. Plant. 168, 345–360 (2020).

	 49.	 Siddiqui, M. H., Al-Whaibi, M. H. & Basalah, M. O. Interactive effect of calcium and gibberellin on nickel tolerance in relation 
to antioxidant systems in Triticum aestivum L. Protoplasma 248, 503–511 (2011).

	 50.	 Miceli, A., Moncada, A., Sabatino, L. & Vetrano, F. Effect of gibberellic acid on growth, yield, and quality of leaf lettuce and 
rocket grown in a floating system. Agronomy 9, 382 (2019).

	 51.	 Emamverdian, A., Ding, Y. & Mokhberdoran, F. The role of salicylic acid and gibberellin signaling in plant responses to abiotic 
stress with an emphasis on heavy metals. Plant Signal. Behav. 15, 1777372 (2020).

https://www.fao.org/faostat/en/#data/QC


16

Vol:.(1234567890)

Scientific Reports |        (2021) 11:19768  | https://doi.org/10.1038/s41598-021-98753-8

www.nature.com/scientificreports/

	 52.	 Jusoh, M., Loh, S. H., Aziz, A. & San Cha, T. Gibberellin promotes cell growth and induces changes in fatty acid biosynthesis 
and upregulates fatty acid biosynthetic genes in Chlorella vulgaris umt-m1. Appl. Biochem. Biotechnol. 188, 450–459 (2019).

	 53.	 Ullah, S. et al. Comparative study of growth, cadmium accumulation and tolerance of three chickpea (Cicer arietinum L.) cul-
tivars. Plants 9, 310 (2020).

	 54.	 AbdElgawad, H. et al. Maize roots and shoots show distinct profiles of oxidative stress and antioxidant defense under heavy 
metal toxicity. Environ. Pollut. 258, 113705 (2020).

	 55.	 Kumar, P., Tokas, J. & Singal, H. Amelioration of chromium VI toxicity in Sorghum (Sorghum bicolor L.) using glycine betaine. 
Sci. Rep. 9, 1–15 (2019).

	 56.	 Bali, A. S., Sidhu, G. P. S., Kumar, V. & Bhardwaj, R. Cadmium Toxicity and Tolerance in Plants 375–396 (Elsevier, 2019).
	 57.	 Khan, M. Y. et al. Regulation of cadmium toxicity in roots of tomato by indole acetic acid with special emphasis on reactive 

oxygen species production and their scavenging. Plant Physiol. Biochem. 142, 193–201 (2019).
	 58.	 Sirhindi, G. et al. Jasmonic acid and methyl jasmonate modulate growth, photosynthetic activity and expression of photosystem 

II subunit genes in Brassica oleracea L. Sci. Rep. 10, 1–14 (2020).
	 59.	 Zhang, H. et al. Overexpression of Trx CDSP32 gene promotes chlorophyll synthesis and photosynthetic electron transfer and 

alleviates cadmium-induced photoinhibition of PSII and PSI in tobacco leaves. J. Hazard. Mater. 398, 122899 (2020).
	 60.	 Parmar, P., Kumari, N. & Sharma, V. Structural and functional alterations in photosynthetic apparatus of plants under cadmium 

stress. Bot. Stud. 54, 1–6 (2013).
	 61.	 Yan, Z., Chen, J. & Li, X. Methyl jasmonate as modulator of Cd toxicity in Capsicum frutescens var. fasciculatum seedlings. 

Ecotoxicol. Environ. Saf. 98, 203–209 (2013).
	 62.	 Sirhindi, G., Mir, M. A., Abd-Allah, E. F., Ahmad, P. & Gucel, S. Jasmonic acid modulates the physio-biochemical attributes, 

antioxidant enzyme activity, and gene expression in Glycine max under nickel toxicity. Front. Plant Sci. 7, 591 (2016).
	 63.	 Falkowska, M. et al. The effect of gibberellic acid (GA3) on growth, metal biosorption and metabolism of the green algae Chlorella 

vulgaris (Chlorophyceae) Beijerinck exposed to cadmium and lead stress. Pol. J. Environ. Stud. 20, 53–59 (2011).
	 64.	 Pandian, S. et al. Physiological and biochemical changes in sorghum under combined heavy metal stress: An adaptive defence 

against oxidative stress. Biocatal. Agric. Biotechnol. 29, 101830 (2020).
	 65.	 Rady, M. M., Ahmed, S. M., El-Yazal, M. A. S. & Taie, H. A. Cadmium Tolerance in Plants 463–496 (Elsevier, 2019).
	 66.	 Howladar, S. M. A novel Moringa oleifera leaf extract can mitigate the stress effects of salinity and cadmium in bean (Phaseolus 

vulgaris L.) plants. Ecotoxicol. Environ. Saf. 100, 69–75 (2014).
	 67.	 Vijendra, P. D. et al. Physiological and biochemical changes in moth bean (Vigna aconitifolia L.) under cadmium stress. J. Bot. 

2016, 1–13 (2016).
	 68.	 Samanta, S., Singh, A. & Roychoudhury, A. Involvement of Sulfur in the regulation of abiotic stress tolerance in plants. In Protec‑

tive Chemical Agents in the Amelioration of Plant Abiotic Stress: Biochemical and Molecular Perspectives 437–466 (Wiley, 2020).
	 69.	 Abeed, A. H., Eissa, M. A. & Abdel-Wahab, D. A. Effect of exogenously applied jasmonic acid and kinetin on drought tolerance 

of wheat cultivars based on morpho-physiological evaluation. J. Soil Sci. Plant Nutr. 21, 131–144 (2020).
	 70.	 Hanaka, A., Maksymiec, W. & Bednarek, W. The effect of methyl jasmonate on selected physiological parameters of copper-

treated Phaseolus coccineus plants. Plant Growth Regul. 77, 167–177 (2015).
	 71.	 Graziano, M. & Lamattina, L. Nitric oxide accumulation is required for molecular and physiological responses to iron deficiency 

in tomato roots. Plant J. 52, 949–960 (2007).
	 72.	 Zhu, X. F. et al. Gibberellic acid alleviates cadmium toxicity by reducing nitric oxide accumulation and expression of IRT1 in 

Arabidopsis thaliana. J. Hazard. Mater. 239, 302–307 (2012).
	 73.	 Annunziata, M. G., Ciarmiello, L. F., Woodrow, P., Dell’Aversana, E. & Carillo, P. Spatial and temporal profile of glycine betaine 

accumulation in plants under abiotic stresses. Front. Plant Sci. 10, 230 (2019).
	 74.	 Gou, L., Zhuo, C., Lu, S. & Guo, Z. A Universal Stress Protein from Medicago falcata (MfUSP1) confers multiple stress tolerance 

by regulating antioxidant defense and proline accumulation. Environ. Exp. Bot. 178, 104168 (2020).
	 75.	 Forlani, G., Trovato, M., Funck, D. & Signorelli, S. Osmoprotectant-Mediated Abiotic Stress Tolerance in Plants 73–97 (Springer, 

2019).
	 76.	 Mansour, M. M. F. & Salama, K. H. A. Plant Ecophysiology and Adaptation under Climate Change: Mechanisms and Perspectives 

II 357–397 (Springer, 2020).
	 77.	 Conrad, M. et al. Regulation of lipid peroxidation and ferroptosis in diverse species. Genes Dev. 32, 602–619 (2018).
	 78.	 Iqbal, N., Umar, S., Khan, N. A. & Khan, M. I. R. A new perspective of phytohormones in salinity tolerance: Regulation of proline 

metabolism. Environ. Exp. Bot. 100, 34–42 (2014).
	 79.	 Ahmad, R. et al. Glycinebetaine alleviates the chromium toxicity in Brassica oleracea L. by suppressing oxidative stress and 

modulating the plant morphology and photosynthetic attributes. Environ. Sci. Pollut. Res. 27, 1101–1111 (2020).
	 80.	 Ali, S. et al. Glycine betaine accumulation, significance and interests for heavy metal tolerance in plants. Plants 9, 896 (2020).
	 81.	 He, X., Richmond, M. E., Williams, D. V., Zheng, W. & Wu, F. Exogenous glycinebetaine reduces cadmium uptake and mitigates 

cadmium toxicity in two tobacco genotypes differing in cadmium tolerance. Int. J. Mol. Sci. 20, 1612 (2019).
	 82.	 Ahmad, P. et al. Jasmonic acid alleviates negative impacts of cadmium stress by modifying osmolytes and antioxidants in faba 

bean (Vicia faba L.). Arch. Agron. Soil Sci. 63, 1889–1899 (2017).
	 83.	 Zaid, A. & Mohammad, F. Methyl jasmonate and nitrogen interact to alleviate cadmium stress in Mentha arvensis by regulating 

physio-biochemical damages and ROS detoxification. J. Plant Growth Regul. 37, 1331–1348 (2018).
	 84.	 Zhang, L. et al. Modulation role of abscisic acid (ABA) on growth, water relations and glycinebetaine metabolism in two maize 

(Zea mays L.) cultivars under drought stress. Int. J. Mol. Sci. 13, 3189–3202 (2012).
	 85.	 Nazir, F., Fariduddin, Q. & Khan, T. A. Hydrogen peroxide as a signalling molecule in plants and its crosstalk with other plant 

growth regulators under heavy metal stress. Chemosphere 252, 126486 (2020).
	 86.	 El-Kafafi, S., El-Demerdash, F. & Taha, A. Toxic effect of cadmium stress on rooting, physiological and biochemical perturba-

tions in cowpea seedling. Middle East J. 6, 646–661 (2017).
	 87.	 Jaiswal, D., Pandey, A. & Agrawal, S. Plant Ecophysiology and Adaptation under Climate Change: Mechanisms and Perspectives 

I 513–554 (Springer, 2020).
	 88.	 Ali, E. et al. Role of jasmonic acid in improving tolerance of rapeseed (Brassica napus L.) to Cd toxicity. J. Zhejiang Univ.-Sci. B 

19, 130–146 (2018).
	 89.	 Per, T. S. et al. Jasmonates in plants under abiotic stresses: Crosstalk with other phytohormones matters. Environ. Exp. Bot. 145, 

104–120 (2018).
	 90.	 Deckers, J., Hendrix, S., Prinsen, E., Vangronsveld, J. & Cuypers, A. Identifying the pressure points of acute cadmium stress 

prior to acclimation in Arabidopsis thaliana. Int. J. Mol. Sci. 21, 6232 (2020).
	 91.	 Jakovljević, D. & Stanković, M. Plant Ecophysiology and Adaptation Under Climate Change: Mechanisms and Perspectives II 

163–186 (Springer, 2020).
	 92.	 Raja, V., Majeed, U., Kang, H., Andrabi, K. I. & John, R. Abiotic stress: Interplay between ROS, hormones and MAPKs. Environ. 

Exp. Bot. 137, 142–157 (2017).
	 93.	 Lei, G. J. et al. Jasmonic acid alleviates cadmium toxicity in Arabidopsis via suppression of cadmium uptake and translocation. 

J. Integr. Plant Biol. 62, 218–227 (2020).



17

Vol.:(0123456789)

Scientific Reports |        (2021) 11:19768  | https://doi.org/10.1038/s41598-021-98753-8

www.nature.com/scientificreports/

	 94.	 Nahar, K., Hasanuzzaman, M., Alam, M. M. & Fujita, M. Exogenous glutathione confers high temperature stress tolerance in 
mung bean (Vigna radiata L.) by modulating antioxidant defense and methylglyoxal detoxification system. Environ. Exp. Bot. 
112, 44–54 (2015).

	 95.	 Gangwar, S., Singh, V. P., Srivastava, P. K. & Maurya, J. N. Modification of chromium (VI) phytotoxicity by exogenous gibberellic 
acid application in Pisum sativum (L.) seedlings. Acta Physiol. Plant. 33, 1385–1397 (2011).

	 96.	 Hassan, M. & Mansoor, S. Priming seeds with phytohormones alleviates cadmium toxicity in mung bean (Vigna radiata L. 
Wilczek) seedlings. Pak. J. Bot 49, 2071–2078 (2017).

	 97.	 Han, X. et al. Transporters and ascorbate–glutathione metabolism for differential cadmium accumulation and tolerance in two 
contrasting willow genotypes. Tree Physiol. 40, 1126–1142 (2020).

	 98.	 Hasanuzzaman, M. et al. Regulation of ascorbate-glutathione pathway in mitigating oxidative damage in plants under abiotic 
stress. Antioxidants 8, 384 (2019).

	 99.	 Alam, P. et al. 24-Epibrassinolide (EBR) confers tolerance against NaCl stress in soybean plants by up-regulating antioxidant 
system, ascorbate-glutathione cycle, and glyoxalase system. Biomolecules 9, 640 (2019).

	100.	 Fang, L. et al. Application of signaling molecules in reducing metal accumulation in alfalfa and alleviating metal-induced phy-
totoxicity in Pb/Cd-contaminated soil. Ecotoxicol. Environ. Saf. 182, 109459 (2019).

	101.	 Zhang, X., Gao, B. & Xia, H. Effect of cadmium on growth, photosynthesis, mineral nutrition and metal accumulation of bana 
grass and vetiver grass. Ecotoxicol. Environ. Saf. 106, 102–108 (2014).

	102.	 Ghassemi-Golezani, K. & Farhangi-Abriz, S. Foliar sprays of salicylic acid and jasmonic acid stimulate H+-ATPase activity of 
tonoplast, nutrient uptake and salt tolerance of soybean. Ecotoxicol. Environ. Saf. 166, 18–25 (2018).

	103.	 El-Esawi, M. A. et al. Serratia marcescens BM1 enhances cadmium stress tolerance and phytoremediation potential of soybean 
through modulation of osmolytes, leaf gas exchange, antioxidant machinery, and stress-responsive genes expression. Antioxidants 
9, 43 (2020).

	104.	 Alikhani, O. & Abbaspour, H. Effects of methyl jasmonate and cadmium on growth traits, cadmium transport and accumulation, 
and allene-oxide cyclase gene expression in wheat seedlings. J. Neotrop. Agric. 6, 20–29 (2019).

	105.	 Zaid, A., Mohammad, F. & Fariduddin, Q. Plant growth regulators improve growth, photosynthesis, mineral nutrient and 
antioxidant system under cadmium stress in menthol mint (Mentha arvensis L.). Physiol. Mol. Biol. Plants 26, 25–39 (2020).

Acknowledgements
The authors would like to extend their sincere appreciation to the Researchers Supporting Project Number (RSP-
2021/180), King Saud University, Riyadh, Saudi Arabia.

Author contributions
P.A. and V.R. conceptualized the research and wrote the main manuscript text, M.A. and L.W. investigated and 
curated the data, M.N.A. prepared all figures. A.B., M.A. and P.A. revised the manuscript to the present form. 
All authors reviewed the manuscript.

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/​s41598-​021-​98753-8.

Correspondence and requests for materials should be addressed to P.A.

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://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-98753-8
https://doi.org/10.1038/s41598-021-98753-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Jasmonic acid (JA) and gibberellic acid (GA3) mitigated Cd-toxicity in chickpea plants through restricted cd uptake and oxidative stress management
	Materials and methods
	Plant growth and treatments. 
	Plant growth, biomass and total chlorophyll estimation. 
	Estimation of cadmium. 
	Determination of proline, glycine betaine and LRWC contents. 
	Measurement of hydrogen peroxide (H2O2), lipid peroxidation (malondialdehyde) and electrolyte leakage. 
	Enzyme extraction and activity determination. 
	Non-enzymatic antioxidants. 
	Methylglyoxal (MG) content estimation. 
	Estimation of nutrient elements. 
	Statistical analysis. 

	Results
	Growth, biomass yield. 
	Cd accumulation and translocation factor. 
	Pigment system. 
	Relative water content, proline and GB content. 
	H2O2, MDA content and EL. 
	Antioxidant enzymes’ activities. 
	Activities of the AsA-GSH pathway enzymes. 
	JA maintained the contents of ascorbic Acid (AsA), GSH, and GSSG, and GSHGSSG ratio. 
	Methylglyoxal (MG) and glyoxalase system. 
	Mineral elements. 


	Discussion
	Photosynthetic pigments. 
	Relative water content, and proline and GB contents. 
	Cadmium stress enhanced H2O2 production, MDA levels and electrolyte leakage. 
	JA and GA3 improved antioxidant activity under Cd stress. 
	JA and GA3 modulated the glyoxylase cycle to alleviate Cd toxicity. 
	JA and GA3 reduced metal uptake and increased nutrient accumulation under Cd stress. 

	Conclusions
	References
	Acknowledgements


