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42.75% for ascorbate peroxidase, with castasterone pre-
soaking under copper stress. The levels of non-enzymatic 
antioxidants were also increased with castasterone pre-treat-
ment under copper stress. It may be concluded that castas-
terone treatment enhanced redox homeostasis managers in 
addition to increased levels of osmoprotectants.
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Introduction

The level of copper (Cu) is increasing in soil and water as a 
result of inappropriate agricultural practices such as over-
use of fungicides with high Cu content, release of indus-
trial wastewater, and mining activities (Sonmez and others 
2006). Cu is a redox active metal that acts as a cofactor 
for many enzymes involved in photosynthesis, respiration, 
ethylene sensing, and lignification processes, such as Cu/
Zn superoxide dismutase, polyphenol oxidase, ascorbate 
oxidase, cytochrome c oxidase, laccase, and plastocyanin 
(Yruela 2009). At the cellular level, Cu plays a role in sign-
aling of transcription and protein trafficking machinery, iron 
mobilization, and oxidative phosphorylation (Yruela 2005). 
The range of Cu content in plant tissues is reported to vary 
between 3 and 20 ppm (Fernandes and Henriques 1991). 
Plants show toxicity symptoms above 20 ppm concentration. 
Various studies have reported the critical tissue concentra-
tion of Cu toxicity in a variety of species. O. sativa shows 
toxicity at 35 mg kg−1, safflower shows toxicity even at 
10 mg kg−1 concentration (Borkert and others 1998). These 
symptoms include reduced root length, chlorosis, necro-
sis, leaf discoloration, and stunted growth. Cu toxicity also 
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increases the production of reactive oxygen species (ROS) 
through Fenton–Haber–Weiss reactions, and thus causes a 
redox imbalance (Yurekli and Porgali 2006). As a result of 
this imbalance, damage occurs to cellular membranes and 
various essential biomolecules such as DNA, lipids, and pro-
teins (Ahmad and others 2010, 2015, 2016). Maintenance 
of redox homeostasis and regulated production of ROS 
is essential for normal metabolism and growth in plants 
(Kasote and others 2015). To reduce the effects of these 
free radicals and limit functional and structural damage, 
plants have developed different mechanisms to cope with 
a high abundance of metal (Kováĉik and others 2008). Pri-
mary mechanisms for scavenging free radicals are broadly 
categorized into two systems, which include enzymatic 
and non-enzymatic antioxidants (Ahmad and others 2010, 
2015, 2016). Antioxidant enzymes, such as superoxide dis-
mutase (SOD), catalase (CAT), guaiacol peroxidase (POD), 
ascorbate peroxidase (APOX), dehydroascorbate reductase 
(DHAR), and glutathione reductase (GR), play major roles 
in the removal of ROS via the Halliwell–Asada pathway, 
whereas glutathione-S-transferase (GST), and glutathione 
peroxidase (GPOX) act independently and reduce peroxides 
with the help of GSH (Kapoor and others 2014). It has been 
observed that short- and long-term exposure to Cu leads to 
significant up-regulation of various enzymes (Srivastava and 
others 2006). The non-enzymatic-based system is composed 
of ascorbic acid and glutathione, which are important anti-
oxidants produced in cells (Gill and Tuteja 2010; Kanwar 
and others 2015). Plants also activate the sulfur assimilation 
pathway to fulfill the requirement of glutathione for the syn-
thesis of phytochelatins, which assist further in the seques-
tration of heavy metals (Ederli and others 2004). Accumu-
lation of various organic molecules such as proline, sugars, 
and free amino acids protects enzymes from degradation 
and stabilizes protein synthesis machinery (Choudhary and 
others 2012).

Phytohormones act as major endogenous signals for 
morphological, physiological, and molecular adaptive 
responses to soil metal toxicity. Owing to the close relation-
ship between hormonal stimuli and improved metal toxicity, 
the application of hormones to plants is a sustainable strat-
egy to enhance protective mechanisms against metal stress 
(Manara 2012; Poonam and others 2014). Brassinosteroids 
(BRs) are phytohormones involved in the regulation of sev-
eral developmental and physiological processes required for 
vegetative and reproductive development (Gupta and others 
2004; Kumar and others 2010; Poonam and others 2015; 
Sharma and others 2015). Castasterone (CS) belongs to 
the C28 group of BRs, which have strong biological activi-
ties and play major roles in the growth and development of 
plants (Kim and others 2004). CS is the most widely dis-
tributed BR with a presence in 53 plant species including 
B. juncea plants (Kanwar and others 2015). In our previous 

study, an increase in the growth characteristics was observed 
with pre-treatment of seeds with CS to Cu-stressed plants 
where a 102.37% increase in root length, 30.35% increase in 
shoot length, 59.89% increase in fresh weight, and 18.52% 
increase in dry weight were recorded (Poonam and others 
2015). A number of studies have analyzed different BRs like 
homobrassinolide and epibrassinolide for their role in stress 
management in plants (Clouse 2011); however, the role of 
CS in stress management remains uncharacterized.

Brassica juncea L., also known as Indian mustard, is an 
important oil-producing crop grown widely in the Indian 
subcontinent. It is a good source of Vitamin A, C, and iron. 
It has medicinal potential due to the presence of different 
bioactive molecules like glycosides, flavonoids, phenols, 
etc. and is also used as a condiment. Brassica juncea spe-
cies is a well-known hyperaccumulator of various metals 
including Cu and thus has potential to be used for phytore-
mediation purposes. In the present study, B. juncea plants 
were exposed to excess Cu metal stress and different physi-
ological and biochemical parameters were determined. The 
objectives of the studies were to examine the ameliorative 
role of CS on Cu-induced oxidative stress and to address 
the hypothesis that exogenous priming of CS could remove 
the Cu-induced oxidative stress in the plants by improving 
defense mechanism of plants composed of enzymes, non-
enzymatic antioxidants, and osmoprotectants.

Materials and Methods

Plant material and Experimental Design

Certified seeds of B. juncea L., variety RLC1, were sur-
face sterilized with a 0.5% (v/v) sodium hypochlorite solu-
tion and rinsed five times with double-distilled water. The 
surface-sterilized seeds were treated with CS by soaking 
them in different concentrations of castasterone (CS) for 
8 h. CS was purchased from Scitech, Prague and dissolved 
in HPLC grade methanol to make a stock solution (10−3 M). 
The stock solution was used to make working concentra-
tions of CS (0, 10−11, 10−9, and 10−7 M). Garden soil was 
prepared by mixing soil and organic manure in a 3:1 ratio. 
Model pot experiments were performed in 10 × 12 inch pots 
and these pots were filled with 5.0 kg garden soil. Copper 
sulfate (CuSO4·5H2O) was used to make working concen-
trations of Cu (0 and 500 µM). The working solution of Cu 
was added to the pots in the ratio of 250 ml per kg soil. A 
randomized block design containing five replicates of each 
treatment was used for the experimental setup. The CS pre-
soaked seeds were sown in pots and allowed to grow under 
natural conditions with regular watering for 30 days. After 
30 days of sowing, the plants were harvested and used for 
biochemical analysis. The treatments were as follows:
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1.	 Control (0 µM Cu)
2.	 Cu (500 µM)
3.	 10−11 M CS,
4.	 10−9 M CS,
5.	 10−7 M CS
6.	 10−11 M CS + 500 µM Cu,
7.	 10−9 M CS + 500 µM Cu,
8.	 10−7 M CS + 500 µM Cu

Growth Parameters

Plants were harvested after 30 days of sowing and analyzed 
for the morphological parameters, height of plants and num-
ber of leaves per plant.

Measurement of ROS Indicators

The production of superoxide anion radicals was esti-
mated according to the method of Wu and others (2010). 
One gram of fresh plant leaf tissue was homogenized in 
3 ml of 50 mM phosphate buffer (pH 7.8). The extract was 
centrifuged at 12,000×g for 15 min at 4 °C. The 0.5 ml 
of obtained supernatant was added to the 0.5 ml of phos-
phate buffer and 0.1 ml of hydroxylamine hydrochloride. 
This reaction mixture was incubated for 30 min at 25 °C. 
After incubation, 1 ml of solution was mixed with 1 ml of 
1-naphthylamine and 1 ml of 3-aminobenzene. The reac-
tion mixture was further incubated for 30 min at 25 °C. The 
absorbance of the reaction mixture was noted at 530 nm. A 
standard curve prepared using NaNO2 was used to calculate 
the superoxide anion content. For imaging of the superox-
ide anion radical, the method described by Jabs and others 
(1996) was followed with slight modifications. Leaves of 
different treatments were detached from 30-day-old plants 
of B. juncea and were vacuum infiltrated with sodium azide 
solution (10 mM in 10 mM phosphate buffer pH 7.8) for 
2 min at room temperature. Following this, they were vac-
uum infiltrated with nitro blue tetrazolium (NBT, 0.1% in 
10 mM phosphate buffer) for 2 min at room temperature 
and incubated for 2 h in the solution of NBT in dark at room 
temperature. Chlorophyll was removed from leaves using a 
solution of glycerol, acetic acid, and ethanol (1:1:3) at 37 °C. 
Leaf imaging was performed using a Nikon digital camera. 
H2O2 content was estimated using the method described by 
Jana and Choudhuri (1981). The malondialdehyde (MDA) 
content was measured according to the method of Heath 
and Packer (1968). MDA content was calculated using the 
extinction coefficient of 155 mM−1 cm−1.

Measurement of Heavy Metal Content

Harvested plants were separated into roots, shoots, and 
leaves and then washed properly with distilled water 

followed by washing with 0.5 M EDTA. The plant parts 
were blotted to remove extra water and then were dried com-
pletely in a hot air oven at 80 °C for 24 h. Dried plant tissue 
(1 g) was digested in a solution of HNO3 and HClO4 in the 
ratio 2:1 using the protocol provided by Allen and others 
(1976). The mixture was placed on a hot plate and incubated 
until only a clear solution remained. Digested samples were 
cooled and then diluted with double-distilled water to a final 
volume of 100 mL and filtered through No. 1 Whatman filter 
paper. The samples were then analyzed in triplicate for Cu 
concentration using atomic absorption spectroscopy (AAS, 
Shimadzu).

Elemental Analysis

Based on the results of the AAS analysis, the most effective 
Cu concentration and CS treatment conditions were used for 
elemental analysis following the method given by Rama-
murthy and Kannan (2009). Dry leaf samples were used for 
elemental analysis via ESEM (Zeiss Supra 55 Field Emis-
sion Scanning Electron Microscope) equipped with an EDS 
(Energy-dispersive X-ray spectroscopy) system. Plant sam-
ples were mounted on an aluminum stub. Coating of each 
stub was performed with silver (Ag) using a vacuum system. 
Element composition was recorded as an EDS spectrum and 
element composition was quantified using Energy-dispersive 
X-ray spectroscopy (EDX) software (INCA). Triplicates of 
each sample were analyzed.

Measurement of Antioxidants

Enzymatic Antioxidants

The experiments were performed to determine the effect of 
Cu metal ions on protein content and activity of antioxidant 
enzymes. For the estimation of antioxidant enzymes, 1 g of 
frozen leaf tissue was homogenized in potassium phosphate 
buffer (50 mM, pH 7.0) containing 1 mM PMSF (phenyl-
methylsulfonyl fluoride), 0.5% triton X-100, 1 mM EDTA 
(ethylenediaminetetraacetic acid), and 2% PVP-30 (poly-
vinylpyrrolidone) using a chilled mortar and pestle. The 
homogenate was centrifuged at 4 °C for 20 min at 13,000×g. 
The resulting supernatant was transferred to a new vial and 
enzyme activity was estimated using a UV–visible double 
beam spectrophotometer (Systronics 2202).

Protein content was estimated according to the method 
of Bradford (1976). A standard curve was prepared using 
different concentrations of bovine serum albumin.

Estimation of SOD activity was performed according 
to the method of Kono (1978). The reaction was initiated 
by the addition of 0.1 mM hydroxylamine hydrochloride 
to the reaction mixture (50 mM sodium carbonate buffer, 
24 µM NBT, 0.1 mM EDTA and 0.03% Triton X). After 
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2 min of incubation, the enzyme extract was added and 
the inhibition in reduction of NBT was estimated. The 
absorbance of the reaction mixture was recorded at 560 nm 
for 2 min. One unit of SOD activity is equivalent to the 
amount of enzyme required for 50% inhibition of NBT 
reduction min−1 g−1 FW. Hydroxylamine was autoxidized 
at pH 10.2 in the presence of EDTA, whereas NBT reduces 
leading to the production of nitrite. Due to the reduction of 
NBT, blue formazon is produced and accumulates leading 
to increase in absorbance at 560 nm. With the addition of 
SOD enzyme, superoxide radicals get trapped and thus 
cause inhibition of reduction of NBT to blue formazan 
formation.

CAT activity was measured according to the method of 
Aebi (1984). The addition of enzyme extract to the reaction 
mixture of 15 mM H2O2 in 50 mM phosphate buffer initi-
ated the reaction and a decrease in absorbance at 240 nm 
was recorded.

The activity of POD was calculated according to the 
method of Putter (1974). The reaction was initiated by addi-
tion of plant enzyme extract in the reaction mixture (20 mM 
guaiacol, 12.3 mM H2O2, and 50 mM phosphate buffer). 
Production of GDHP (guaiacol dehydrogenation product) 
was observed by an increase in absorbance at 436 nm.

APOX activity was calculated according to the method of 
Nakano and Asada (1981). The reaction mixture contained 
1 mM H2O2 and 0.5 mM ascorbate in 50 mM phosphate 
buffer (pH-7.0). The reaction was started with the addition 
of extract of the enzyme to the reaction mixture and decrease 
in absorbance per minute at 290 nm was recorded.

GR activity was determined according to the method of 
Carlberg and Mannervik (1975). The reaction mixture con-
tains 1 mM oxidized glutathione, 0.1 mM NADPH, 1 mM 
EDTA, and 50 mM phosphate buffer. Addition of enzyme 
extract initiated the reaction and a decrease in absorbance 
was observed at 340 nm.

DHAR activity was measured according to the method 
of Dalton and others (1986). The reaction was started by 
addition of enzyme extract to the reaction mixture contain-
ing 2.5 mM reduced glutathione, 0.2 mM dehydroascorbate, 
0.1 mM EDTA, and 50 mM phosphate buffer. The increase 
in absorbance was recorded at 265 nm.

Activity of GPOX was calculated according to the method 
of Flohe and Gunzler (1984). The reaction was started by 
addition of enzyme extract to the reaction mixture (0.5 mM 
EDTA, 1 mM sodium azide, 1 mM reduced glutathione, 
0.15 mm NADPH, 0.15 mM H2O2, 2.4 GR units/ml, and 
50 mM phosphate buffer). Change in absorbance at 340 nm 
per minute was recorded.

GST activity was estimated according to the method 
of Habig and Jacoby (1981). The activity was assayed 
by addition of enzyme extract to the reaction mix-
ture containing 1  mM reduced glutathione, 1  mM 

1-chloro-2,4-dinitrobenzene, and 100 mM phosphate buffer. 
Change in absorbance was recorded at 340 nm for 2 min.

Non‑enzymatic Antioxidants

For the estimation of the content of the non-enzymatic 
antioxidants ascorbic acid and glutathione (GSH), a plant 
extract was prepared by homogenizing 1 g of plant tissues 
in Tris buffer (50 mM, pH 10.0) using a pre-chilled mortar 
and pestle. The homogenate was cleared by centrifugation at 
12,000×g for 20 min and the obtained supernatant was used 
for assay of glutathione and ascorbic acid.

The method described by Roe and Kuether (1943) was 
used for the estimation of ascorbic acid content. Activated 
charcoal (100 mg) was added to the 4 ml DDW, 0.5 ml plant 
extract, and 0.5 ml 50% TCA. This reaction mixture was 
mixed well and filtered through No.1 Whatman filter paper. 
To 1 ml filtrate, 0.4 ml DNPH reagent was added. This reac-
tion mixture was incubated at 37 °C for 3 h. After incuba-
tion, 1.6 ml of cold 65% H2SO4 was added and incubated at 
room temperature for 30 min. The absorbance of the reaction 
mixture was taken at 520 nm.

The GSH content was estimated according to the method 
of Sedlak and Lindsay (1968) using Ellman’s reagent. 100 
µl of plant extract was mixed with 1 ml of Tris buffer and 
50 µl of DTNB. Then, 4 ml of absolute methanol was mixed 
to this and kept at room temperature for 15 min. Then this 
reaction mixture was centrifuged at 3000×g for 15 min at 
4 °C. The absorbance of the mixture was noted at 412 nm.

Measurement of Isozymes Through Native 
Polyacrylamide Gel Electrophoresis

Plant tissue (1 g) was homogenized in either sodium acetate 
buffer (50 mM, pH 4.0) for POD, or in phosphate buffer 
(50 mM, pH 7.0) for CAT and SOD isoenzymes. Equal 
protein amounts were loaded into each well and electro-
phoresed using a 4% stacking gel and a 12.5% resolving gel. 
For POD, following electrophoretic separation, the gel was 
stained according to the procedure described by Fielding 
and Hall (1978). For CAT, the gel was stained according to 
the method proposed by Woodbury and others (1971). For 
SOD, the gel was stained using the method of Beauchamp 
and Fridovich (1971).

Measurement of Amino Acids

Total free amino acids were estimated according to the 
method of Hamilton and Van Slyke (1943). The 1 g of leaf 
samples was homogenized in 50 mM phosphate buffer (pH-
7.0) followed by centrifugation at 13,000×g for 15 min at 
4 °C. To 1 mL of plant extract, 10% aqueous pyridine and 
2% ninhydrin were added and the mixture was heated in 
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a boiling water bath for 30 min. Following heating, the 
reaction mixture was diluted to 50 mL with distilled water 
and absorbance was measured at 570 nm. Amino acid con-
tent was calculated using a standard curve prepared using 
leucine.

Cysteine content was calculated according to the method 
of Gaitonde (1967). Samples (1 mL) were prepared by 
homogenizing plant tissue in 5% perchloric acid mixed with 
acetic acid and acid ninhydrin. Samples were then boiled in 
a water bath for 10 min and rapidly cooled under tap water. 
Samples were then diluted to 5 mL with 95% ethanol and 
absorbance was measured at 560 nm. Cysteine was used for 
preparation of the standard curve.

Proline content was measured following the procedure 
described by Bates and others (1973). One gram of fresh 
plant leaves were homogenized in 3 sulphosalicylic acid and 
centrifuged at 13,000×g for 15 min at 4 °C. Glacial ace-
tic acid and acid ninhydrin were mixed with 2 mL of plant 
sample supernatant. This reaction mixture was incubated 
for 1 h in a boiling water bath. The reaction was terminated 
by placing the test tubes in an ice bath. Following cooling, 
toluene was added to the reaction mixture, which was then 
stirred for 20–30 s. The toluene layer was separated and 
brought up to room temperature. The intensity of red color-
ing was quantified by the absorbance measured at 520 nm. 
A standard curve prepared using L-proline was used for the 
calculation of proline content.

Measurement of Thiols

For the measurement of thiols, plant samples were extracted 
in 0.02 M EDTA buffer. Total thiols (TTs), non-protein thiols 
(NPTs), and protein thiols (PTs) were measured according to 
the method of Sedlak and Lindsay (1968). The absorbance 
of the reaction mixtures was measured at 412 nm. Protein 
thiols were calculated by subtracting the non-protein thiols 
from total thiols.

Measurement of Osmoprotectants

Total sugars were measured according to the Anthrone 
method described by Yem and Willis (1954). Following the 
measurement of absorbance at 630 nm, sugar content was 
calculated from a standard curve made using glucose.

Measurement of Flavonoids

Flavonoids were measured based on the method of Zhishen 
and others (1999). The absorbance was measured at 510 nm. 
Rutin was used to create a standard curve for the calculation 
of flavonoid content.

Statistical Analysis

The results obtained were statistically analyzed using the 
two-way ANOVA test. Mean values for the different treat-
ments were compared with the control using Tukey’s HSD 
tests at p ≤ 0.05.

Results

Growth Parameters

In 30-day-old plants, Cu treatment affected and reduced 
the growth parameters like height of plants and number of 
leaves in B. juncea plants in comparison to control plants. 
The height of plants and number of leaves decreased at the 
selected concentrations of copper (39.01% in height of plants 
and 55.55% in number of leaves) (Fig. 1a). The application 
of CS as seed soaking showed improvement in the height 
of plants and number of leaves. The maximum significant 
increase in the height of plants by 49.92% and the number 
of leaves by 116.61% was recorded in 10−7 M CS-treated 
seeds under Cu toxicity compared to only Cu-treated plants 
(Fig. 1b).

Fig. 1   Effect of Cu and castasterone on a height of plants and b 
number of leaves per plant in 30-day-old Brassica juncea plants
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Generation of ROS

Cu treatment triggered H2O2 production, increase in super-
oxide radical content, and lipid peroxidation. The H2O2 
production increased by 48.19%, superoxide radical content 
by 30.51%, and MDA content by 26.27% under Cu toxic-
ity compared to control plants (Fig. 2a–c). A significant 
decrease in H2O2 content (6.35%) was observed in plants 
grown with 10−7 M CS-treated seeds in Cu-containing soils. 
Superoxide radical content decreased by 14.92% and MDA 
content by 5.81% in plants grown with 10−7 M CS-treated 
seeds under Cu toxicity with respect to Cu-only-treated 
plants.

ROS content was found to be most effectively decreased 
by the 10−7 M CS seed treatment. This concentration in 
conjunction with Cu-treated soil (500 µM) was therefore 
used to create tissues for the imaging of superoxide anion 
radical content in the leaves of 30-day-old B. juncea plants. 
The presence of superoxide ions (O2−) was also visualized 
in intact leaves using NBT. The intense color developed in 
leaves from plants under Cu treatment indicated high-level 
production of these ions, whereas CS seed pre-treatment 
resulted in a lower intensity of color development, which 
indicated lower accumulation of superoxide anion radicals 
(Fig. 3).

Cu Ion Uptake in Different B. juncea Plant Parts

Significant uptake of Cu ions was observed in 30-day-old 
B. juncea plants. Cu uptake in plants increased following 
the addition of Cu ions to the soil. Increased Cu uptake of 
422.32% in roots, 74.04% in shoots, and 160.92% in leaves 
was observed in Cu-treated plants as compared to control 
(Fig. 4a–c). Plants treated with different concentrations of 
CS under Cu stress showed enhanced uptake of Cu com-
pared to Cu-treated plants alone. The maximum uptake of 
Cu, 16.45, 10.67, and 25.44% was recorded in roots, shoots, 
and leaves, respectively at 10−7 CS-treated plants under Cu 
stress compared to only Cu-treated plants.

Elemental Analysis

Figure 5a–c shows C decreased by 21.55%, O by 16.69% but 
N content showed an insignificant decrease as compared to 
control. However, supplementation of CS (10−7) enhanced 
the C, N, and O content. The contents of Na, Mg, S, Cl, 
K, and Ca were enhanced by 87.50, 76.92, 55.35, 175.67, 
462.40, and 198.85%, respectively, by Cu stress relative to 
control. The priming of 10−7 M CS as a pre-treatment of 
seeds further enhanced the above elements.

Antioxidant Defense System

Cu toxicity significantly altered the activity of antioxidant 
enzymes such as SOD, CAT, POD, APOX, GR, DHAR, 
GPOX, and GST as compared to control plants (Fig. 6a–h). 
Cu toxicity enhanced the SOD activity by 114.94%, CAT by 
79.07%, POD by 20.00%, APOX by 29.79%, GR by 23.65%, 
DHAR by 63.86%, GPOX by 100.71%, and GST by 51.81% 
relative to control in the present study. Further increase in 
the activity of these enzymes was observed in plants grown 

Fig. 2   Effect of Cu and castasterone on a superoxide anion content, b H2O2 content, and c MDA content in 30-day-old Brassica juncea plants

Fig. 3   Effect of Cu and castasterone on superoxide anion generation 
in leaves of 30-day-old Brassica juncea plants
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with CS pre-treated seeds; however, seeds treated with 10−7 
CS showed better results as compared to 10−11 and 10−9 
CS. The 10−7 CS dosage was found to be most effective 
in enhancing the activity of SOD, CAT, POD, APOX, GR, 
DHAR, GPOX, and GST by 19.25, 15.64, 28.12, 9.84, 45.94 
27.56, 35.99, and 16.87%, respectively, compared to plants 
treated with Cu only.

On the basis of these results, 10−7 M CS was selected as 
the dosage for the study of isoenzymes of CAT, POD, and 
SOD. For native polyacrylamide gel electrophoresis analy-
sis, SOD displayed six bands of three isoenzymes in Cu-
treated plants and CS treatment further enhanced their band 
intensity (Fig. 7a). CS treatment and Cu stress resulted in the 
detection of three bands of POD isoenzymes in comparison 
to the single isoenzyme observed in control plants (Fig. 7b). 
Furthermore, the band intensity was greater in samples from 
Cu- and CS-treated plants. Regarding CAT isoenzymes, a 
single band was observed for all CS and Cu treatment con-
centrations (Fig. 7c).

Redox Homeostasis Managers and Osmoprotectants

Various redox homoeostasis managers such as glutathione, 
ascorbic acid, free amino acids, cysteine, and proline were 
analyzed in B. juncea plants under Cu stress. Cu stress 
enhanced the ascorbic acid and glutathione content by 
6.31% and 32.63%, respectively, when compared to control 
plants (Fig. 8a, b). The pre-soaking of seeds in CS further 
enhanced the ascorbic acid and glutathione content and the 
concentration of 10−7 M CS was seen to be more effective. 
The increase of 9.90% in ascorbic acid and 8.33% in glu-
tathione content was observed in Cu-treated plants supple-
mented with 10−7 M CS.

The total free amino acid content decreased by 8.98% in 
Cu-stressed plants compared to control plants. Increases in 
the levels of total free amino acids were observed in the Cu-
treated plants grown from CS pre-treated seeds as compared 
to Cu-only-treated plants, with maximum enhancement 

of 28.75% being observed with 10−7 M CS-treated plants 
grown under Cu toxicity (Fig. 9a).

An increase of 40.35 and 34.67% in cysteine and proline 
content, respectively, was observed under Cu stress relative 
to control plants. The pre-sowing seed treatment of plants 
with different levels of CS resulted in a further increase 
in cysteine and proline content. The 10−7 M CS treatment 
was found to be more effective in enhancing cysteine con-
tent (14.35%) and proline content (11.67%) compared to 
Cu-only-treated plants (Fig. 9a–c). The contents of TTs 
(30.00%), NPTs (60.41%), and PTs (28.57%) were signif-
icantly increased over control plants in Cu-treated plants 
(Fig. 9a–c). CS seed pre-treatment further enhanced their 
contents and 10−7 M CS treatment resulted in more accumu-
lation. With 10−7 M CS treatment, 9.61, 10.38, and 8.88% 
increase in TTs, NPTs, and PTs, respectively, was recorded 
as compared to Cu-only-treated plants.

Total sugar content was observed to increase by 22.76% 
under Cu toxicity conditions relative to control plants. Fur-
ther enhancement in sugar content by 11.09% was recorded 
in Cu-treated plants grown from 10−7 M CS-treated seeds in 
comparison to Cu-only-treated plants (Fig. 10d).

Protein content decreased by 9.43% in B. juncea plants 
grown in Cu-treated soil compared to protein content in con-
trol plants (Fig. 10e). Conversely, an improvement in protein 
content was observed in plants grown from CS pre-treated 
seeds. A CS seed pre-treatment at 10−7 M partially neutral-
ized the toxic effects of Cu and enhanced protein content by 
14.82% when compared to protein content in only Cu-treated 
plants.

The flavonoid content increased by 120.15% in Cu-
stressed plants compared to control plants. Further enhance-
ment in flavonoid content was recorded with pre-treatment 
of seeds with different concentrations of CS. However, the 
observed increase in flavonoid content in co-treatment of 
CS and Cu was not significant. Nevertheless, a maximum 
increase (6.82%) in flavonoid content was observed in the 
Cu-stressed plants grown from seeds pre-treated with 10−7 
M CS (Fig. 10f).

Fig. 4   Effect of Cu and castasterone on Cu uptake in a roots, b shoots, and c leaves in 30-day-old Brassica juncea plants
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Discussion

Cu is an essential micronutrient, a minimal amount of Cu 
is required for the normal growth and metabolism of plants. 
However, it is also potentially toxic in nature when present in 
excess and causes deleterious effects on plant production and 
survival. Being a redox active metal, free Cu participates in 
redox reactions and directly generates reactive oxygen spe-
cies (ROS) through Fenton reactions and thus damages pro-
teins, DNA, and other biomolecules. At high concentrations, 
Cu causes inhibition of root growth, chlorosis, necrosis, 

stunting, and leaf discoloration in plants. At the cell level, 
Cu toxicity is caused by inhibition of enzyme activity or pro-
tein function, affecting the cell transport system, deficiency 
of other essential ions, and oxidative damage (Yruela 2005). 
Plants have various stress-protective strategies and BRs have 
shown potential in successfully alleviating different abiotic 
stresses (Ahmad and others 2017; Kohli and others 2017). 
The growth parameters like height of plants, biomass of 
plants, and number of leaves indicate the toxicity induced 
by heavy metals. In the present study, growth parameters 
like height of plants and number of leaves decreased with Cu 
treatment. Our findings are clearly supported by Fariduddin 
and others (2013) and Feigl and others (2015) who observed 
decreased morphological parameters in C. sativus, B. jun‑
cea, and B. napus plants. However, improvement in the 
growth parameters of B. juncea plants was observed with CS 
priming. Fariduddin and others (2009) reported increased 
morphological characteristics by the application of 24-epi-
brassinolide. BRs play a role in cell elongation and modify 
the permeability of the plasma membrane under adverse 
conditions and thus improve the growth of plants.

In the present study, plants showed significant uptake of 
metal ions when soils were treated with Cu. Similar results 
were reported by Ariyakanon and Winaipanich (2006). But 
when CS pre-treatment was applied to seeds, Cu uptake 
in roots, shoots, and leaves of B. juncea was marginally 
increased compared to only metal-treated plants. Plants 
accumulate and sequester metal in roots as a defensive strat-
egy to protect upper plant parts, specifically metabolically 
active photosynthetic cell vacuoles, from heavy metal dam-
age (Rascio and Navari-Izzo 2011). Increased uptake of Cd 
and Ni with exogenous application of CS and epibrassinolide 
has been reported in B. juncea and S. nigrum (Kaur and oth-
ers 2016; Soares and others 2016). It can be hypothesized 
that application of BRs increases the redistribution of met-
als in shoots and leaves as a strategy for root defense and 
enhances the chances of survival.

Being a redox active transition metal, Cu catalyzes the 
production of reactive oxygen species like H2O2, O2

−, 
and OH− by Haber–Weiss and Fenton reactions and thus 
causes an oxidative burst in cells (Halliwell and Gutteridge 
1984). Our results indicate that the levels of H2O2 and 
O2

− increased in B. juncea plants exposed to higher levels 
of Cu. The present findings are supported by other authors, 
where heavy metal accumulation led to overproduction of 
ROS (Ahmad and others 2015; Kaur and others 2016). The 
cell membranes are the primary sites of injury under heavy 
metal toxicity due to the overproduction of ROS (Ahmad 
and others 2015). Copper stress induces structural and func-
tional damage to cell membranes and increases lipid per-
oxidation through MDA production (product of cell mem-
brane lipid peroxidation), a biomarker of stress (Yamamoto 
and others 2001). Other studies also have reported that Cu 

Fig. 5   Effect of Cu and castasterone on elemental content a C, N, O, 
b K, Cl, Ca, and c S, Mg, Na in 30-day-old Brassica juncea plants
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exposure causes an increase in MDA content and the cell 
membranes are the primary target of Cu toxicity (Liu and 
others 2014). Decreased levels of ROS with the priming of 
CS (seed soaking method) under Cu stress was observed in 
the present study, which might be due to more efficient scav-
enging of ROS. Brassinosteroids are well-known second-
ary messengers and induce the up-regulation of components 
of the antioxidant defense system (Choudhary and others 
2012). Other than this, H2O2 acts as a signaling molecule 
and mediates the induction of antioxidant genes by BRs (Xia 
and others 2009). Because MDA content is directly linked 
with ROS, decreased ROS levels can also lead to reduced 
lipid peroxidation (Ahmad and others 2015). These findings 
are supported by previous studies in which MDA content 
decreased with BRs under heavy metal stress (Soares and 
others 2016). BRs are also reported to modify membrane 
structure and provide the membrane stability under stress-
ful conditions; hence treatment of plants with CS showed 
higher membrane stability and reduced lipid peroxidation 
(Rady 2011).

Heavy metals affect the uptake and distribution of vari-
ous mineral elements because of their interaction with these 
elements. In this study, the content of N, Na, Mg, K, S, Cl, 
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and Ca increased with Cu exposure, whereas the content of 
C and O decreased. The increase in mineral content has been 
reported in various plants like Arabidopsis under Cu stress 
(Martinez-Penalver and others 2012), and P. vitatta under 
arsenic stress (Tu and Ma 2005). Heavy metals interfere with 
mineral uptake by affecting the permeability of the plasma 
membrane (Sarwar and others 2010). No direct relationship 
has been found for increased mineral content under metal 
toxicity by BRs but it can be hypothesized that BRs help in 
the stabilization of plant membranes and thus might help 
in the uptake of mineral elements. Enhanced contents of 
various mineral elements help in stress tolerance (Singh and 
others 2015). These elements are part of various mecha-
nisms, reactions, and enzymes. Potassium ions help maintain 
anion–cation balance and have a role in protein synthesis 
enzyme activation. Phosphorus (P) is a constituent of cell 
membranes and nucleic acids. P helps in reducing the metal 
toxicity either by reducing metal mobility or by diluting the 
metal (Sarwar and others 2010). Similarly, sulfur (S) is part 

of various co-enzymes, vitamins, and ferredoxin. Increased 
S content helps to increase the S-containing defense mol-
ecules like GSH and phytochelatins, and increase the activity 
of S-containing enzymes (Leustek and Saito 1999; Khan and 
others 2009). Thus, the increase in mineral content helps in 
increasing stress tolerance induced by metal toxicity.

As stated above, the overproduction of ROS under metal 
stress disturbs the redox balance of cells leading to changes 
in the cellular signaling pathways that regulate cell division 
(Chiu and Dawes 2012). The exact mechanism of toxicity 
caused by heavy metals in plants is still not clear. Plants 
have evolved complex defense mechanisms like antioxi-
dant systems to enhance their tolerance to various stresses 
and improve their chances of survival (Pitzschke and oth-
ers 2006). The antioxidant system includes both enzymatic 
and non-enzymatic components. Activation of intricate 
metabolic activities such as antioxidant pathways, in par-
ticular ROS scavenging systems, in the cells contribute 
towards plant stress tolerance (El-Mashad and Mohamed 

Fig. 8   Effect of Cu and CS on 
a ascorbic acid and b glu-
tathione content in 30-day-old 
Brassica juncea plants

Fig. 9   Effect of Cu and castas-
terone on a free amino acids, b 
cysteine content, and c proline 
content in 30-day-old Brassica 
juncea plants
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2012). The results obtained in the present study clearly 
showed the increase in the activities of various enzymes 
under Cu stress (Fig. 4). Superoxide dismutase (SOD) acts 
as the first line of defense and converts O2

− into H2O2 which 
can be converted to water molecules by catalases and per-
oxidases (Mourato and others 2012). The H2O2 is decom-
posed to water molecules with the help of ascorbate per-
oxidase (APOX), catalase (CAT), and guaiacol peroxidase 
(POD) (Mittler and others 2011). The activities of enzymes 
involved in the ascorbate glutathione cycle (glutathione 
reductase and dehydroascorbate reductase) also have been 
reported to be enhanced, showing the role of this metabolic 
cycle in providing resistance to heavy metal stress (Ahmad 
and others 2015; Ali and others 2015). Glutathione peroxi-
dase (GPOX) is part of the main enzymatic defense system 
against oxidative membrane damage due to its capability of 
repairing membrane lipid peroxidation (Kuhn and Borchert 
2002). Glutathione-s-transferase is known for detoxifica-
tion of xenobiotic compounds by limiting oxidative damage 
and stress responses in plants. The increase in SOD, APOX, 
CAT, DHAR, GR, GST, and GPOX activities was observed 
in the present study in both Cu and CS treatment. These 
results are supported by the findings of Poonam and oth-
ers (2014), and Yadav and others (2016), who also reported 
increases in the activities of various enzymes with metal 
as well BR treatment. It has been reported that BRs can 
regulate the activity of the antioxidant system and help in 
scavenging overproduced ROS (Ashraf and others 2010) and 
can provide tolerance by inducing expression of regulatory 
genes like respiratory burst oxidase homologue (RBOH), 

mitogen-activated protein kinase 1 (MAPK1), and mitogen-
activated protein kinase 3 (MAPK3), and also activating 
genes involved in antioxidative defense and responses (Xia 
and others 2009; Li and others 2016). BRs cause a transient 
increase in H2O2 levels by activating the plasma membrane 
NADPH oxidase enzymes, and H2O2 which is also a signal-
ing molecule induces the antioxidative defense system of 
plants (Xia and others 2009). The change in activity of these 
enzymes might be due to the enhanced protein synthesis in 
response to EBL, or a change in the kinetic properties of 
the enzymes (Lascano and others 1998). Cu treatment also 
altered the isoenzyme pattern of SOD and POD, but did 
not change the CAT isoenzyme pattern in the present study. 
The pre-treatment of plants with CS under Cu stress further 
increased the band intensity indicating the up-regulation of 
expression of POD, CAT, and SOD. This increase enhances 
plant tolerance towards metal toxicity.

Non-enzymatic low-molecular weight molecules such as 
ascorbate and glutathione act as major redox buffers and 
are enzyme cofactors that play a role in defense. These 
molecules have the capacity to chelate metal ions, which 
leads to a reduction in the metal’s catalytic ability to gener-
ate ROS and also free radical scavenging. In plant cells, 
the combination of ascorbate, glutathione, and tocopherol 
constitutes an integral part of the abiotic stress response 
(Szarka and others 2012). Ascorbic acid, tocopherol, and 
glutathione scavenge hydrogen peroxide, superoxide radi-
cals, and hydroxyl radicals either via direct reactions or with 
the help of enzyme catalysis (Foyer and Noctor 2011). In 
the present investigation, an increase in ascorbic acid and 

Fig. 10   Effect of Cu and castasterone on a total thiols, b non-protein thiols, c protein thiols, d sugar content, e protein content, and f flavonoid 
content in 30-day-old Brassica juncea plants
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glutathione content following both Cu and CS treatment 
was observed. This result is in accordance with Choudhary 
and others (2012), who observed an increase in ascorbic 
acid and glutathione content under Cu stress in addition to 
EBL treatment in Raphanus sativus seedlings. It has been 
reported that BRs play a role in controlling the activity of 
GalLDH (l-galactono-1,4-lactone dehydrogenase) activity 
which helps in catalyzing the last step of ascorbic acid for-
mation and therefore, affects the ascorbic acid formation 
and promotes ascorbic acid accumulation in leaves of plants 
(Mazorra Morales and others 2014). Similarly, it has been 
found that BRs induce the synthesis of GSH by up-regu-
lating the transcript of GSH 1–2 encoding for γ-glutamyl 
cysteine synthetase and glutathione synthetase, respectively 
(Zhou and others 2015).

In the present study, free amino acid content decreased 
under Cu stress and the results are in accordance with Zem-
anová and others (2013), who also observed decreased free 
amino acid content under Cd stress in Noccaea caerulescens 
and Arabidopsis halleri. Amino acids being an important 
part of primary metabolism and a product of photosynthe-
sis and nitrogen assimilation, thus act as connecting links 
of nitrogen and carbon metabolism. With the priming of 
CS, the free amino acid content was observed to increase 
in the present study in Cu-stressed plants (Fig. 7). It has 
been observed that application of BRs enhances the activ-
ity of nitrate reductase along with higher accumulation of 
free amino acids in roots of Cajanus cajan under salinity 
stress (Dalio and others 2013). BRs maintain cell membrane 
integrity under adverse conditions and thus preserve nitrate 
uptake. The BRs also help in maintaining photosynthetic 
systems, it can be hypothesized that increased amino acids 
content may be connected with restored photosynthesis 
(Dalio and others 2013).

Cysteine is produced as a final product of sulfur assimi-
lation in plants and it acts as a sulfur donor for synthesis 
of methionine, glutathione, phytochelatins, some vitamins, 
and proteins containing thiols. Cysteine also has a role in 
redox signaling as it is present in various cell compartments 
(Romero and others 2014). We have observed enhanced con-
centrations of cysteine with application of both Cu as well as 
CS. These results are in accordance with Aly and Mohamed 
(2012), who reported gradual increase in the cysteine 
content under various levels of Cu stress in maize plants. 
Genetic modification in the capacity for metal-induced syn-
thesis of cysteine supported tolerance of Arabidopsis under 
acute cadmium toxicity (Dominguez-Solis and others 2004). 
Cysteine acts as antioxidant and helps in scavenging of free 
radicals by its own (Zhang and others 2014). The increased 
sulfur content might be related with the enhanced accumu-
lation of cysteine under both Cu as well as CS application.

Proline accumulation occurs in plants as a response to 
different environmental stresses. This amino acid acts as 

a signaling molecule required for recovery of plants from 
adverse conditions (Szabados and Savouré 2009). It also 
helps in membrane stabilization, acts as an osmoprotectant, 
aids ROS removal, and buffers redox potential; therefore, 
decreasing oxidative stress produced by abiotic stress condi-
tions of drought, salinity, and heavy metals (Gill and Tuteja 
2010; Boaretto and others 2014). B. juncea plants responded 
to Cu stress with accumulation of proline both with or with-
out CS treatment, as reported previously with different plant 
species (Fariduddin and others 2013; Poonam and others 
2014). BRs are reported to induce the expression of genes 
involved in proline metabolism (Ozdemir and others 2004), 
thus the enhanced production led to increased proline con-
tent in B. juncea plants.

Enhanced levels of total thiols, non-protein thiols (NPTs), 
and protein thiols were observed in the present study. It has 
been reported that metal stress increases the sulfur reduction 
pathway by affecting sulfur uptake and transport. Zhang and 
others (2009) observed increased protein thiol content in 
rice seedlings under different Cu (0, 50, 100, 200 µM) con-
centrations. Aly and Mohamed (2012) showed a significant 
increase in the content of total thiols and protein thiols in 
maize plants, whereas a gradual decrease was observed in 
non-protein thiol content. The NPTs are composed of phy-
tochelatins, glutathione, cysteine, and various acid-soluble 
sulfhydryl components (De Vos and others 1993). Phyto-
chelatins are known for binding toxic metals and induction 
of phytochelatin synthesis enhances plant tolerance towards 
metal toxicity (Cobbett 2000). Pre-soaking of seeds with 
CS further enhanced the thiol content in the present study. 
Thiols contain sulfur as their integral part thus, its content 
depends on the amount of sulfur available. In this study, 
increase in the sulfur content was recorded. It can be hypoth-
esized that enhanced sulfur content led to the formation of 
thiols which act as antioxidants and help in stress ameliora-
tion. This increase in thiol content with CS priming suggests 
a role for BRs in enhancing tolerance of plants towards Cu 
stress.

Osmoprotectants like sugars and flavonoids also produce 
and accumulate under abiotic stress and play an important 
role in antioxidant mechanisms to enhance tolerance under 
stress conditions (Nakabayashi and others 2014; Ahmad 
and others 2016). In the present study, an increase in sug-
ars was observed with Cu toxicity. These results correspond 
with Choudhary and others (2012), who observed increased 
soluble sugars under Cu stress in radish plants. The priming 
of seeds with CS further enhanced the sugar content and 
was also reported by other authors in different plant species 
under metal stress (Bali and others 2016). BRs are known 
for regulating CESA (cellulose synthase) gene expression 
required for the synthesis of cellulose, and they are consid-
ered as major regulators of carbohydrate and sugar accumu-
lation under stress (Kaur and others 2014).
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Similarly, the content of flavonoids decreased under Cu 
stress with or without CS priming in the present study. Fla-
vonoids act as secondary antioxidant compounds produced 
during stress conditions to resist the adverse effects either 
by chelating metals or by inhibiting ROS generation (Grael 
and others 2010; Ahmad and others 2016). The increase in 
flavonoid content was also reported under Cu, Cd, and Zn 
stress (Márquez-García and others 2012; Gautam and oth-
ers 2016). It has been reported that exogenous application 
of BRs can increase the level of flavonoids under different 
environmental stresses like phenanthrene (Ahammed and 
others 2013), cadmium, and mercury (Kapoor and others 
2014). It has also been reported that brassinosteroids may 
increase the activity of PAL enzymes, thereby resulting in 
enhanced production of flavonoids following BR application 
(Ahammed and others 2013).

Conclusions

The present study suggests that Cu toxicity leads to the over 
production of ROS, which causes an imbalance in the redox 
state of the cell, reduces the growth, and affects metabolic 
activity in plants. The soaking of seeds with CS showed a 
positive response by improving plant tolerance to Cu, reduc-
ing the toxicity as seen in biometric analysis. The present 
study revealed that the priming of CS in B. juncea plants sig-
nificantly improved the level of antioxidant enzymes (SOD, 
CAT, POD, APOX, DHAR, GR, GST, and GPOX), co-
enzymes of SOD, POD, and CAT, antioxidants (glutathione 
and ascorbic acid), thiol (total, protein, and non-protein), 
osmoprotectants (sugars and flavonoids), free amino acid, 
and proline and cysteine contents. An enhancement in the 
level of the antioxidant system aids in rectifying the redox 
balance under Cu stress. It can also be concluded that BRs 
showed ameliorative effects on Cu toxicity by improving 
redox homeostasis leading to improved growth of B. juncea 
plants. The 10−7 M CS treatment was the most effective in 
significantly improving most of the biochemical constituents 
related to the antioxidant defense system. The increase in 
the antioxidant potential due to priming of CS was further 
reflected by a reduction in H2O2, superoxide radicals, and 
MDA content.
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