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Abstract
Copper (Cu) is an abundant essential micronutrient element in various rocks and minerals and is required for a variety of metabolic
processes in both prokaryotes and eukaryotes. However, excess Cu can disturb normal development by adversely affecting biochem-
ical reactions and physiological processes in plants. The present study was conducted to explore the potential of gibberellic acid (GA3)
on fibrous jute (Corchorus capsularis L.) seedlings grown on Cu mining soil obtained from Hubei Province China. Exogenous
application of GA3 (10, 50, and 100 mg/L) on 60-day-old seedlings of C. capsularis which was able to grow in highly Cu-
contaminated soil (2221 mg/kg) to study different morphological, physiological, and Cu uptake and accumulation in different parts
of C. capsularis seedlings. According to the results, increasing concentration of GA3 (more likely 100 mg/L) alleviates Cu toxicity in
C. capsularis seedlings by increasing plant growth, biomass, photosynthetic pigments, and gaseous exchange attributes. The results
also showed that exogenous application of GA3 reduced oxidative stress in C. capsularis seedlings by the generation of extra reactive
oxygen species (ROS). The reduction in oxidative stress in C. capsularis seedlings is because that plant has strong enzymatic
antioxidants [superoxidase dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX), and catalase (CAT)], which ultimately
increased their activities to overcome oxidative damage in the cells/tissues. In addition to the plant growth, biomass, and photosyn-
thesis, foliar application ofGA3 also helps to increasemetal (Cu) concentration in different parts of the plantswhen compared to 0mg/L
of application of GA3. From these findings, we can conclude that foliar application of GA3 plays a promising role in reducing ROS
generation in the plant cells/tissues and increased phytoextraction of Cu in different plant parts. However, more investigation is needed
on field experiments to find a combination of GA3 with a very higher concentration of Cu using fibrous C. capsularis.
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Introduction

Metal contamination issues are becoming increasingly com-
mon in India and elsewhere, with many documented cases of
metal toxicity in mining industries, foundries, smelters, coal-
burning power plants, and agriculture (Czymmek et al. 2020;
Farid et al. 2018b; Ketterings et al. 2007; Kumar et al. 2019a,
b; Parveen et al. 2020; Tangahu et al. 2011; Wuana and
Okieimen 2011). Long-term mining is a major resource of
heavy metal contamination and health risk to humans.
Mining activities in China alone have generated about 3.0
million ha derelict land by the year 2000, and it is increasing
at a rate of 46,700 ha per year (Farid et al. 2019; Saleem et al.
2020a; Yang et al. 2020). However, the depletion of arable
land in China has significantly impeded food security. Thus, it
is important that mining sites be restored ecologically and
heavy metal emissions through phytoremediation to reduce
health risks and to increase Chinese food safety (Ahmad
et al. 2019; Farid et al. 2018a; Saleem et al. 2020a). Heavy
metal accumulation in soils is of concern in agricultural pro-
duction due to the adverse effects on food safety and market-
ability, crop growth due to phytotoxicity, and environmental
health of soil organisms (Pajević et al. 2016; Vardhan et al.
2019). Nevertheless, remediation of metal-polluted soils by
conventional physical and chemical approaches is not ideal
as it needs large investments, time consuming, and environ-
mentally destructive (Ullah et al. 2015; Vasavi et al. 2010).
Recently, the emerging technology phytoremediation of pol-
luted sites due to their cost effectiveness, esthetic advantages,
scientific applicability, and can be done on sites should be
considered for remediation (Afshan et al. 2015; Ashraf et al.
2017; Rehman et al. 2019c; Zaheer et al. 2015). Some plant
roots can absorb and immobilize metal pollutants, while other
plant species have the ability of metabolizing or accumulating
organic and nutrient contaminants. Multifarious relationships
and interactions between plants, microbes, soils, and contam-
inants make these numerous phytoremediation processes pos-
sible (Laghlimi et al. 2015; Niazy Abdou and Wahdan 2017;
Tahmasbian and Sinegani 2016). Phytoremediation processes
are most effective where contaminants are present at low to
medium levels, as high contaminant levels can inhibit plant
and microbial growth and activity (Daud et al. 2018; Elleuch
et al. 2013; Saleem et al. 2020b; Vasavi et al. 2010).

For this purpose, fibrous species such as jute (Corchorus
capsularis L.) plant has been exclusively, for the remediation
of toxic pollutants from the soil in order to get a pacific envi-
ronment (Ogunkunle et al. 2015; Saleem et al. 2020d, e; Uddin
Nizam et al. 2016). Moreover, C. capsularis were specifically
grown for the remediation of toxic soil contaminants in order
due to its specific physiological properties to create a sustain-
able environment (Abubakari et al. 2017; Saleem et al. 2019a,
2020d). Unlike fibrous species, C. capsularis is also grown as
a vegetative crop because some essential micronutrients such

as calcium, potassium, and iron, as well as an abundance of
important vitamins, are available (Ahmed and Slima 2018;
Singh et al. 2018). In addition, C. capsularis tolerates stressful
heavy metal environments due to its biological properties that
help tolerate stress and scavenge reactive oxygen species
(ROS) under heavy metals due to an active antioxidative de-
fense system (Abubakari et al. 2017; Saleem et al. 2020c,
2020e). Stress conditions can disturb the dynamic equilibrium
of ROS production and elimination under normal growth in
plants which promotes ROS accumulation, membrane lipid
peroxidation, and disrupt the structure and function of cell
membrane system (Husak 2015; Kamran et al. 2019; Rana
et al. 2020; Fahad and Bano 2012; Fahad et al. 2013; Fahad
et al. 2014a, b; Fahad et al. 2015a, b; Fahad et al. 2016a, b, c, d;
Fahad et al. 2017; Fahad et al. 2018; Fahad et al. 2019a, b;
Akram et al. 2018a, b). Antioxidant enzymes such as
superoxidase dismutase (SOD), peroxidase (POD), ascorbate
peroxidase (APX), and catalase (CAT) are involved in the
scavenging of ROS (Saud et al. 2013, 2014, 2016, 2017,
2020; Shah et al. 2013). Although the climatic conditions are
very suitable for agriculture in China, their yield potential is
still very low for the C. capsularis production in China. The
total yield of C. capsularis per hectare in China is very low
12,002 kg/ha contrary to its potential yield (Saleem et al.
2019b, 2020d). In our previous literature review, we have
discussed briefly that, however, C. capsularis plants are also
hyperaccumulators for various heavy metals (especially Cu)
and their physiological and morphological characteristics,
whichmakes them an excellent candidate for phytoremediation
of different heavy metals (Saleem et al. 2020d).

The extension and quality enhancement of C. capsularis
fibers can be accomplished by exploiting such environmental
controls together with the inclusion of plant growth regulators
(Parveen et al. 2020; Saleem et al. 2020a; Zaheer et al. 2015).
Phytohormones, in particular gibberellic acid (GA3), are a key
growth hormone for controlling different physiological mech-
anisms including plant growth and composition, flowering,
leaf expansion stimulation, elongation, and osmoregulation
stimulation in internodes, dry matter, and biomass composi-
tion, germination, and also increase sink space improvement
(Fahad et al. 2014a, b; Saleem et al. 2015; Ullah et al. 2017).
GA3 is a plant growth regulator including auxins and cytoki-
nesis that controls every aspect of plant growth from embryo-
genesis and regulates an antioxidant protection system that
decreases oxidative stress when plants grow under stress
(Hadi et al. 2010; Ji et al. 2015). In addition, GA3 is a kind
of diterpenoid composite widely used as phytohormones to
increase heavy metal phytoextraction in many studies (Hadi
et al. 2010; Ji et al. 2015; Sun et al. 2013; Uzal and Yasar
2017). Previously, we carried out experiments in Cu mining
soil (Saleem et al. 2020a), natural soil which was artificially
spiked with CuSO4·5H2O (Saleem et al. 2020e), mixing of Cu
mining soil and natural soil (Saleem et al. 2020c), and also in
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Petri plates (Saleem et al. 2019a) onC. capsularis plants at the
toxic levels. However, foliar application of plant hormones
such GA3 has not been explored on jute plants, which not only
improved plant growth and development in the stress environ-
ment but also increased the phytoremediation potential of a
plant when grown under Cu-polluted soil. But the foliar ap-
plication of plant hormones like GA3 to C. capsularis plants
was not explored, which not only improved the growth and
development of plants in the stress environment, but also in-
creased the plant’s phytoremediation ability when grown in
Cu-polluted soil. A lot of literature is, however, available on
other plant species, such as Zea mays L., Tagetes patula L.,
and Solanum nigrum L., which were exogenously supple-
mented by GA3 to enhance plant growth as well as plant
growth and composition when grown on metal contaminated
soil (Hadi et al. 2010; Sun et al. 2013; Uzal and Yasar 2017).
The uniqueness ofC. capsularis plants due to its high biomass
production and tolerance towards Cu can be valuable traits for
phytoremediation capability; however, sufficient information
is not available regarding Cu tolerance, antioxidative defense
system, and Cu accumulation, when grown as fiber under
different foliar levels of GA3. In the present study, anatomical
and physiological variables of C. capsularis were determined
to address the following hypotheses: (i) different applications
of GA3 can affect the plant growth and biomass of
C. capsularis seedlings, (ii) oxidative stress and response of
different activities of antioxidants of C. capsularis seedlings,
and (iii) phytoremediation potential ofC. capsularis seedlings
when grown on Cu-contaminated soil. According to best of
our knowledge, this study is among the few studies which
focus on the metal tolerance and accumulation among fiber
crops in order to investigate their suitability for metal-
contaminated sites with the foliar spar of GA3. Findings from
the present study will add to our understanding the mechanism
of Cu tolerance and accumulation in C. capsularis.

Materials and methods

Soil and seed preparation

The soil was collected from a Cu mining area of Baisha vil-
lage, DaYe County, Hubei, China (115.20′E, 29.85′N) at
depth of 0–20 cm. The soil was thoroughly mixed, air-dried
under shade, ground, and sieved through a 5-mm sieve before
a pot experiment. Physicochemical properties of soil used for
pot experiment are presented in Table 1. The seeds of jute
(Corchorus capsularis L.) type C-3 (released from
Bangladesh) were subjected to sterilization using 1% (w/v)
sodium hypochlorite for 15 min followed by washing with
distilled water for the prevention of surface fungal/bacterial
contamination. The seeds of C. capsularis used in the current
study were collected from Bast and Fiber Research Center,

Huazhong Agricultural University, Hubei Province, P.R.
China. The same variety of C. capsularis (C-3) is a Cu
hyperaccumulator species which has been demonstrated in
our previous studies (Saleem et al. 2019a, 2020c, e). The
experiment was conducted in the green house at the College
of Plant Science and Technology, Huazhong Agricultural
University, Wuhan, China (114.20′E, 30.28′N), during spring
2019. Pots were placed in a glasshouse, where plants received
natural light, with day/night temperature of 25/30 °C and day/
night humidity of 70/90%. Each treatment was arranged in a
completely randomized design (CRD) with five replications.
Weeding, irrigation withmetal-free water, and other necessary
intercultural operations were done when needed. No
additional/external phytohormone or fertilizers were added
during the whole experiment. Different levels of GA3 used
in this study were higher than (Uzal and Yasar 2017) under
Cd stress in Capsicum annuum L., but lesser than (Ji et al.
2015) also under Cd stress in Solanum nigrum L. After 2
months of seed planting, all plants had been rooted and divid-
ed into roots, leaves, and stems to study different biological
attributes. Roots were uprooted and immersed in 20 mM
Na2EDTA for 15–20min to remove Cu adhered to the surface
of roots. Then, roots were washed thrice with distilled water
and finally once with de-ionized water and dried for further
analysis (Burd et al. 2000). All chemicals used were of ana-
lytical grade, procured from Sinopharm Chemical Reagent
Co., Ltd.

Exogenous application of GA3

All pots were divided into four groups based on exogenous
GA3 supplementation, i.e., 0, 10, 50, and 100 mg/L and
sprayed with GA3 on all plant seedlings after 14 days of soil
seed planting. The treatments were applied by spraying GA3,
including whole plant seedlings, until the solution falls. From
9:00 until 10:00 a.m., all plants were sprayed with GA3 solu-
tion exogenously and spray was only once during the whole
experiment. The respected plants were applied with Cu-free

Table 1 Physiochemical properties of Cu-contaminated soil used in pot
experiment

Characteristics Units Cu-contaminated soil

pH – 7.4

EC μS/cm 284

CEC cmol/kg 18.2

Organic matter g/kg 30.96

Exchangeable K mg/kg 120.25

Exchangeable N g/kg 16

Exchangeable P g/kg 0.17

Total Cu mg/kg 2221
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water after 3 h to keep the substratum wet. In 95% ethanol
(C2H5OH) and distilled water, liquid spray of 4% gibberellin
was prepared with the required amount of GA3. The prepara-
tion and supplementation of GA3 to the C. capsularis seed-
lings followed the method presented by Sun et al. (2013).

Plant harvest and data collection

All plants were wrapped in the first week of May for different
morphological traits. Every sample ofC. capsularis (under the
application of GA3) was sampled at rapid growth stages, at
09:00–10:00, with functional leaf (the fourth or sixth from the
top). The sampled leaves were washed with distilled water,
immediately placed in liquid nitrogen, and stored in a freezer
at low temperature (− 80 °C) for further analysis.
Morphological traits, such as plant height, fresh plant weight,
and plant dry weight, were measured after harvesting at 60
DAS. Five uniform plants were randomly selected for trait
measurement. Plant height, defined as the total length of the
plant (i.e., from the tip of the roots to the uppermost part of the
leaves), was measured by using a measuring scale. Plant fresh
weight was measured by measuring the total weight of the
plant, including root and shoot weight, using a digital balance.
For measuring plant dry weight, plant samples were oven-
dried at 105 °C for 1 h, followed by at 65 °C for 72 h until
the weight was uniform.

Determination of chlorophyll contents and gaseous
exchange attributes

Leaves were collected at 60 DAS for determination of chloro-
phyll content. For chlorophyll content analysis, 0.1 g of fresh
leaf sample was extracted with 8 mL of 95% acetone for 24 h
at 4 °C in the dark. The absorbance was measured by a spec-
trophotometer (UV-2550; Shimadzu, Kyoto, Japan) at 646.6,
663.6, and 450 nm. Chlorophyll content was calculated by the
standard method of (Arnon 1949).

At the same days, gaseous exchange was also measured.
Net photosynthesis (Pn), leaf stomatal conductance (gs),
transpiration rate (Ts), and intercellular carbon dioxide
concentration (Ci) were measured from three different
plants in each treatment group. Measurements were con-
ducted between 11:30 and 13:30 on days with a clear sky.
Rates of leaf Pn, gs, Ts, and Ci were measured with an LI-
COR gas exchange system (LI-6400; LI-COR Biosciences,
Lincoln, NE, USA) with a red-blue LED light source on
the leaf chamber. In the LI-COR cuvette, CO2 concentra-
tion was set as 380 mmol/mol and LED light intensity were
set at 1000 mmol/m2/s, which is the average saturation
intensity for photosynthesis in C. capsularis (Austin
1990).

Determination of oxidative stress indicators and
antioxidant response

The degree of lipid peroxidation was evaluated as
malondialdehyde (MDA) content. Briefly, 0.1 g of frozen
leaves was ground at 4 °C in a mortar with 25 mL of
50 mM phosphate buffer solution (pH 7.8) containing 1%
polyethylene pyrrole. The homogenate was centrifuged at
10,000×g at 4 °C for 15 min. The mixtures were heated at
100 °C for 15–30 min and then quickly cooled in an ice bath.
The absorbance of the supernatant was recorded by using a
spectrophotometer (xMark™ microplate absorbance spectro-
photometer; Bio-Rad, United States) at wavelengths of 532,
600, and 450 nm. Lipid peroxidation was expressed as l mol/g
using the following formula: 6.45 (A532-A600)-0.56 A450.
Lipid peroxidation was measured using a method previously
published by (Heath and Packer 1968).

To estimate H2O2 content of plant tissues (root and leaf), 3
mL of sample extract was mixed with 1 mL of 0.1% titanium
sulfate in 20% (v/v) H2SO4 and centrifuged at 6000g for 15
min. The yellow color intensity was evaluated at 410 nm. The
H2O2 level was computed by extinction coefficient of 0.28
mmol/cm.

Stress-induced electrolyte leakage (EL) of uppermost
stretched leaves was determined by Dionisio-Sese and
Tobita (1998) method. The leaves were cut into minor slices
(5 mm length) and placed in test tubes having 8 mL distilled
water. These tubes were incubated and transferred into water
bath for 2 h prior to measuring the initial electrical conductiv-
ity (EC1). The samples were autoclaved at 121 °C for 20 min,
and then cooled down to 25 °C before measuring the final
electrical conductivity (EC2). Electrolyte leakage was mea-
sured using pH/conductivity meter (model 720, INCO-LAB
Company, Kuwait) and calculated as

EL ¼ EC1=EC2ð Þ ¼ �100

To evaluate enzyme activities, fresh leaves (0.5 g) were
homogenized in liquid nitrogen and 5 mL of 50 mmol sodium
phosphate buffer (pH 7.0) including 0.5 mmol EDTA and
0.15 mol NaCl. The homogenate was centrifuged at
12,000×g for 10 min at 4 °C, and the supernatant was used
for measurement of SOD and POD activities. SOD activity
was assayed in 3-mL reaction mixture containing 50 mM so-
dium phosphate buffer (pH 7), 56 mM nitro blue tetrazolium,
1.17 mM riboflavin, 10 mM methionine, and 100 μL enzyme
extract. Finally, the sample was measured by using a spectro-
photometer (xMark™ microplate absorbance spectrophotom-
eter; Bio-Rad). Enzyme activity was measured using a method
by Chen and Pan (1996) and expressed as U/g FW.

POD activity in the leaves was estimated using the method
of Sakharov and Ardila (1999) using guaiacol as the substrate.
A reaction mixture (3 mL) containing 0.05 mL of enzyme
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extract, 2.75 mL of 50 mM phosphate buffer (pH 7.0), 0.1 mL
of 1% H2O2, and 0.1 mL of 4% guaiacol solution was pre-
pared. Increases in the absorbance at 470 nm because of
guaiacol oxidation were recorded for 2 min. One unit of en-
zyme activity was defined as the amount of the enzyme.

Catalase activity was analyzed according to Aebi (1984).
The assay mixture (3.0 mL) was composed of 100 μL enzyme
extract, 100 μL H2O2 (300 mM), and 2.8 mL 50 mM phos-
phate buffer with 2 mM ETDA (pH 7.0). The CAT activity
was measured from the decline in absorbance at 240 nm as a
result of H2O2 loss (ε = 39.4 mM/cm).

Ascorbate peroxidase activity was measured according to
Nakano and Asada (1981). The mixture containing 100 μL
enzyme extract, 100 μL ascorbate (7.5 mM), 100 μL H2O2

(300 mM), and 2.7 mL 25 mM potassium phosphate buffer
with 2 mM EDTA (pH 7.0) was used for measuring APX
activity. The oxidation pattern of ascorbate was estimated
from the variations in wavelength at 290 nm (ε = 2.8 mM/cm).

Determination of Cu concentration

Dried plant part (roots and shoots) samples were ground in a
stainless steel mill and passed through a 0.1-mm nylon sieve
for Cu analysis. Briefly, 0.1 g of dried sample was digested in
HNO3/HClO4 (4:1) solution. The digested solution was
washed in 25-mL flasks and diluted in de-ionized water until
reaching the final volume of 25 mL. The supernatant was
passed through a 0.45-μm filter paper and determined using
a Perkin-Elmer 3100 Atomic Absorption Spectrophotometer,
which calibrated with standard solutions containing known
concentrations of each element.

Statistical analysis

The normality of data was analyzed using the UNIVARIATE
procedure of Statistix 8.1. All the data were subjected to a one-
way analysis of variance (ANOVA) followed by the Tukey’s
honestly significant difference (LSD) method to avoid a type I
error. The analysis showed that the data in this study were
almost normally distributed. Thus, the mean difference be-
tween the treatments was deemed significant at P ≤ 0.05 be-
tween the treatments. Graphical representation was conducted
using Sigmaplot 12.5 and R_Studio.

Results and discussion

Plant growth and biomass

Excess Cu can affect important physiological processes in
plants and cause problems in plant growth and development.
Cu taken from the soil must be transported, distributed, and
compartmentalized within different tissues and organelles for

healthy plant growth and development (Adrees et al. 2015;
Celis-Plá et al. 2018; Liu et al. 2018). On the other hand,
excessive Cu is characterized by a reduced plant biomass, leaf
chlorosis, inhibited root growth, bronzing, and necrosis (Ji
et al. 2015; Sağlam et al. 2016). Furthermore, concentration
of Cu within cellular components needs to be maintained at
low level because toxic level of Cu can induce alterations in
photosynthesis, respiration, enzyme activity, DNA, and mem-
brane integrity leading towards inhibited growth and endan-
gered survival of plants (Elleuch et al. 2013; Rehman et al.
2019c; Saleem et al. 2019a). In this study, minimum plant
growth and biomass have been observed in the plants cultivat-
ed under high Cu concentration without exogenous GA3 sup-
plementation (Table 2). Foliar spray of GA3, however, even
under Cu stress, increased plant growth and biomass, while
maximum plant growth and biomass were reported at the
highest level (100 mg/L) of GA3 (Table 2). The overall in-
creased in plant height, fresh, and dry biomass, 31.3%,
30.6%, and 35.8%, respectively, at the highest level of GA3

(100 mg/L) compared to plants cultivated without the applica-
tion of GA3 in Cu-contaminated soil. Ji et al. (2015) stated that,
when grown in Cd-polluted soil, a substantial increase in plant
growth and biomass was observed in S. nigrum under GA3

application. The foliar application of GA3 also noticed a twice
increase in plant growth and biomass compared with untreated
plants in Carapichea ipecacuanha (Brot.) L. Andersson
(Isogai et al. 2008). In the present study, increase in plant
growth and biomass in Cu-stressed plants with the application
of GA3 might be to increase nutrient uptake and/or GA3 helps
in decreasing free metal ions in plants as suggested by Shafigh
et al. (2016). Improving goal accumulation of contaminants in
existing high-yield plants without lowering their yields is the
most reasonable strategy for phytoremediation (Mahar et al.
2016; Parmar and Singh 2015; Sun et al. 2013). Remediating
polluted soils using GA3 to induce plant growth and composi-
tion is therefore achievable.

Chlorophyll contents and gaseous exchange
attributes

Chlorophyll content is an important parameter for the evaluation
of plant stress (Habiba et al. 2015). Cu is an important micronu-
trient at low minute level; however, the minimum chlorophyll
contents and gaseous exchange attributes were found in plants
grown in the soil under high Cu concentration, without applica-
tion of GA3 (Table 2, Fig. 1). According to the results, foliar
application in 60-day-old seedlings of C. capsularis increased
total chlorophyll contents by 40% in 100-mg/L GA3-treated
plants compared without GA3-treated plants (Table 2).
Similarly, the plants treated with 100 mg/L of GA3 increased
Pn, Tr, Gs, and Ci by 19.1%, 27.5%, 166.6%, and 7.1%, respec-
tively, compared with non-treated GA3 plants (Fig. 1). The chlo-
rophyll content and gaseous exchange attributes are likely to be
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reduced due, during the development phase, to chloroplast dam-
age following Cu exposure in the soil system (Rehman et al.
2019a; b; Saleem et al. 2020g). Habiba et al. (2015) have pro-
vided strong evidence for the reduction of chlorophyll

biosynthesis that could be related to destruction of thylakoid
membrane and also Cu’s impediment with the structured chloro-
phyll method. Previously, we also noticed that toxic level of Cu
in the soil destroys the ultra-structure of chloroplast and thus

Fig. 1 Effect of different concentration of GA3 on gaseous exchange
attributes of C. capsularis seedlings grown under high concentration of
Cu in the soil. Means sharing similar letter(s) within a column for each
parameter do not differ significantly at P < 0.05. Data in the figures are
means of three repeats (n = 3) of just one harvest of C. capsularis
seedlings ± standard deviation (SD). Relative radiance of plastic filter

used: Cu (Cu contamination soil without the application of GA3), Cu +
GA3−10 (Cu contamination soil with the application of 10 mg/L GA3), Cu
+ GA3−50 (Cu contamination soil with the application of 50 mg/L GA3),
and Cu + GA3−100 (Cu contamination soil with the application of 100 mg/
L GA3)

Table 2 Effect of different
concentration of GA3 on plant
height (cm), plant fresh weight
(g), plant dry weight (g), and
chlorophyll contents (mg−1 FW)
on C. capsularis seedlings grown
on Cu-contaminated soil

Treatments Plant height Plant fresh weight Plant dry weight Chlorophyll contents

Cu 86 ± 2 c 88 ± 2 c 53 ± 2 c 1.5 ± 0.01 d

Cu + GA3−10 101 ± 3 b 101 ± 2 b 63 ± 2 b 1.8 ± 0.01 c

Cu + GA3−50 109 ± 3 a 111 ± 2 a 68 ± 2 a 1.9 ± 0.01 b

Cu + GA3−100 113 ± 2 a 115 ± 2 a 72 ± 2 a 2.1 ± 0.01 a

Means sharing similar letter(s) within a column for each parameter do not differ significantly at P < 0.05. Data in
the table aremeans of three repeats (n = 3) of just one harvest ofC. capsularis seedlings ± standard deviation (SD).
Relative radiance of plastic filter used: Cu (Cu contamination soil without the application of GA3), Cu + GA3−10
(Cu contamination soil with the application of 10 mg/L GA3), Cu + GA3−50 (Cu contamination soil with the
application of 50 mg/L GA3), and Cu + GA3−100 (Cu contamination soil with the application of 100 mg/L GA3)
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affected the photosynthetic machinery in C. capsularis plants
(Parveen et al. 2020; Saleem et al. 2020a; c). Nevertheless, the
foliar application of GA3 to Cu-stressed plants increased the
contents of total chlorophyll and gaseous exchange attributes
(Fig. 1). Many studies have already found in their findings that
a protective role of GA3 for the metal stressed plants (Falkowska
et al. 2011;Masood andKhan 2013; Ouzounidou and Ilias 2005;
Saleem et al. 2015) which improved photosynthetic machinery.
The possible reason behind this mechanism is the reducing free
metal ions and/or enhance the activities of antioxidant enzymes
that reduced the oxidative damage (Iqbal and Ashraf 2013;
Zaheer et al. 2015; Rehman et al. 2020; Saleem et al. 2020h, i).

Oxidative stress and antioxidant response

A direct effect of excess Cu in plants at the cellular level is
oxidative stress caused by the increased concentration of

reactive oxygen species (ROS) either directly or indirectly by
affecting metabolic pathways (Liu et al. 2018; Quartacci et al.
2015; Thounaojam et al. 2012; Saleem et al. 2020j, k, l). Up-
regulation of activity of various antioxidative enzymes shows
the capacity of plants to scavenge excessive ROS in the cells
(Chen et al. 2015; Imran et al. 2019; Kamran et al. 2019;
Saleem et al. 2020f). Plant response to oxidative stress also
depends upon plant species and cultivars. For instance, increas-
ing Cu concentration in the soil increased the activities of var-
ious antioxidants in Brassica napus L. (Zaheer et al. 2015) and
Orzya sativa L. (Thounaojam et al. 2012). The enhancement of
antioxidant activity can be considered as an indication of in-
creased generation and mitigation of ROS (Kanwal et al. 2014;
Rehman et al. 2019a; Saleem et al. 2020g). Nevertheless, oxi-
dative stress was minimized in this study by enhancing the
activities of various antioxidants due to the foliar application
of GA3 (Figs. 2 and 3). According to the results, foliar

Fig. 2 Effect of different concentration of GA3 on MDA contents (a),
H2O2 contents (b), and electrolyte leakage (c) in the leaves of
C. capsularis seedlings grown under high concentration of Cu in the
soil. Means sharing similar letter(s) within a column for each parameter
do not differ significantly at P < 0.05. Data in the figures are means of
three repeats (n = 3) of just one harvest of C. capsularis seedlings ±

standard deviation (SD). Relative radiance of plastic filter used: Cu (Cu
contamination soil without the application of GA3), Cu + GA3−10 (Cu
contamination soil with the application of 10 mg/L GA3), Cu + GA3−50
(Cu contamination soil with the application of 50 mg/L GA3), and Cu +
GA3−100 (Cu contamination soil with the application of 100 mg/L GA3)

Environ Sci Pollut Res



application of GA3 (100mg/L) decreased the contents ofMDA,
H2O2, and EL by 50.6%, 53.6%, and 38.8%, respectively, com-
pared without treated with GA3 application. In contrast, appli-
cation of GA3 (100 mg/L) caused a significant increase in the
activities of SOD, POD, CAT, and APX, which were increased
by 53.5%, 40%, 24.7%, and 27.3%, respectively, compared
with the plants without treated with GA3 supplementation.
These results coincide with the findings of Zaheer et al.
(2015) who reported that addition of phytohormone (citric acid)
in the nutrient solution caused a significant decrease in oxida-
tive stress in the plants by up-regulation of the activities of
various antioxidants in a Cu stress environment. In the current
literature, better growth ofC. capsularis seedlings under elevat-
ing levels of exogenously sprayed GA3 under high contents of

Cu contents in the soil might be associated with a better anti-
oxidant system of the plants. Likewise, higher Cu uptake and
accumulation by the plants were concomitant with an accumu-
lation of Cu in the tissues of plants (Table 3).

Cu uptake and accumulation

Plant species vary in their capacity for Cu accumulation de-
pending on growth stage and fertilizer application. Root sys-
tem of plants plays an active role for uptake of Cu from the
soil solution and after absorption by roots; Cu is transported to
shoots via the xylem. The mechanism of Cu uptake is initiated
by the adsorption of Cu on the root surface from where it
dissociates from its complex forms before absorption by plants

Fig. 3 Effect of different concentration of GA3 on SOD (a), POD (b),
CAT (c), and APX (d) in the leaves of C. capsularis seedlings grown
under high concentration of Cu in the soil. Means sharing similar letter(s)
within a column for each parameter do not differ significantly at P < 0.05.
Data in the figures are means of three repeats (n = 3) of just one harvest of
C. capsularis seedlings ± standard deviation (SD). Relative radiance of

plastic filter used: Cu (Cu contamination soil without the application of
GA3), Cu + GA3−10 (Cu contamination soil with the application of 10mg/
L GA3), Cu + GA3−50 (Cu contamination soil with the application of 50
mg/L GA3), and Cu + GA3−100 (Cu contamination soil with the applica-
tion of 100 mg/L GA3)
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(Adrees et al. 2015; Chen et al. 2015; Sağlam et al. 2016).
C. capsularis includes fibrous crop which can sustain and accu-
mulate in their harvestable parts (leaves and stems) from the
metal-polluted soil significant amounts of heavy metals
(Abubakari et al. 2017; Ahmed and Slima 2018; Ogunkunle
et al. 2015; Saleem et al. 2019a). Though numerous heavy
metals, C. capsularis plants not only thrive at high levels of

pollutants, they can also revoke large amounts of pollutants from
contaminated soils (Saleem et al. 2020a; Uddin Nizam et al.
2016). We discussed previously in our literature review the
comprehensive characteristics of C. capsularis plants tolerating
and accumulating different heavy metals (Saleem et al. 2020d).
In the same Cu-polluted soil, after 120 days of seed sowing, the
maximum uptake of Cu contents in the shoots was 214 mg/kg
Cu without the application/fertilization of chelators/fertilizers
(Saleem et al. 2020c). However, in this study, foliar application
of GA3 increased the metal uptake in both parts of the plants,
i.e., aboveground parts and belowground parts of the
C. capsularis seedlings (Table 3). At high level of GA3 (100
mg/L) application, the maximum Cu was accumulated in the
leaves (200 mg/kg), stems (185 mg/kg), and roots (90 mg/kg)
compared to the plants which were not treated with any level of
GA3 exogenously (Table 3). This might be due to the increase in
the transpiration rate (Fig. 1c) which help to increase Cu uptake
to the aboveground parts throughwater movement (Habiba et al.
2015). Foliar application of GA3 increased phytoextraction of a
plant species which has been shown in number of plant species
under different metal stress environment (Falkowska et al. 2011;
Hadi et al. 2010; Ji et al. 2015). Niazy Abdou and Wahdan
(2017) studied C. capsularis plants under lead-polluted soils
and noticed that application of plant hormone (citric acid) in-
creased not only plant growth and biomass under lead-
contaminated soil, but also increased phytoextraction of lead
using C. capsularis plants. Although there is no previous study,
foliar application of GA3 increased metal uptake in
C. capsularis plants, but we have noticed, in a pot experiment,
that external fertilization with phosphorus increased plant
growth and biomass as well as metal uptake and accumulation
in different parts of C. capsularis (Saleem et al. 2020a).

Relationship

The Pearson correlation analysis was conducted to quantify the
relationship between different parameters studied in this study
(Fig. 4). Cu concentration in the roots was positively correlated
with Cu concentration in the leaves and other morpho-
physiological traits of the plants, but negatively correlated with
oxidative stress indicators of C. capsularis seedlings.
However,MDA contents in the leaves are positively correlated
with H2O2 contents in the shoots while negatively correlated
with other growth, gaseous exchange attributes, antioxidant
enzymes, and Cu concentration of the C. capsularis seedlings.
This correlation reflected the close connection between Cu
uptake and growth in C. capsularis seedlings.

Conclusion

Based on the present study, it can be concluded that plant has
strong antioxidant defense system to scavenge ROS

Fig. 4 Correlation between Cu uptake with different morpho-
physiological traits of C. capsularis seedlings. EL (electrolyte leakage),
MDA (MDA contents), H2O2 (H2O2 contents), POD (POD activity), TC
(total chlorophyll contents), TR (transpiration rate), PFW (plant fresh
weight), Cu-S (Cu concentration in stems), PDW (plant dry weight),
PH (plant height), Cu-R (Cu concentration in roots), SC (stomatal con-
ductance), IC (intercellular CO2), SOD (SOD activity), APX (APX ac-
tivity), CAT (CAT activity), NP (net photosynthesis), and Cu-L (Cu
concentration in leaves)

Table 3 Effect of different concentration of GA3 on Cu (mg/kg) uptake
and accumulation in different parts (roots, leaves, and stems) of
C. capsularis seedlings

Treatments Roots Leaves Stems

Cu 63 ± 2 c 131 ± 8 c 110 ± 4 c

Cu + GA3−10 79 ± 5 b 178 ± 5 b 148 ± 5 b

Cu + GA3−50 86 ± 4 b 199 ± 5 a 175 ± 5 a

Cu + GA3−100 90 ± 1 a 200 ± 8 a 185 ± 5 4 a

Means sharing similar letter(s) within a column for each parameter do not
differ significantly atP < 0.05. Data in the table are means of three repeats
(n = 3) of just one harvest of C. capsularis seedlings ± standard deviation
(SD). Relative radiance of plastic filter used: Cu (Cu contamination soil
without the application of GA3), Cu + GA3−10 (Cu contamination soil
with the application of 10 mg/L GA3), Cu + GA3−50 (Cu contamination
soil with the application of 50 mg/L GA3), and Cu + GA3−100 (Cu con-
tamination soil with the application of 100 mg/L GA3)
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production, which generated due to toxic contents of Cu in the
soil. Although Cu toxicity was also overcome by the applica-
tion of GA3 which not only increased plant growth, biomass,
chlorophyll contents, and gaseous exchange attributes but also
increased phytoextraction of Cu in C. capsularis seedlings,
hence,C. capsularis can be used as a tool for phytoremediation
of Cu in Cu-polluted soil and foliar application of GA3 in-
creased plant growth and biomass and Cu accumulation capa-
bilities and can be used as a bio-resource and fibrous crop to
fulfil the market demand of the fiber.
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