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Abstract
Gibberellic acid (GA) and sulfur (S) have been known to modulate physiological processes of plants in normal and stressful 
conditions. Cultivars of mungbean (Vigna radiata L.), Pusa Vishal, PusaRatna, Pusa 9531, Ganga, and MH 318 were screened 
for photosynthetic S-use efficiency (p-SUE) and growth in presence of 200 mg Cd kg−1 soil. Pusa 9531 showed maximum 
p-SUE,  growth, and Cd tolerance. The mechanism of 10 µM GA-induced alleviation of Cd stress in Cd tolerant cultivar 
Pusa 9531 grown with 100 mg S kg−1 soil (100S) or 200 mg S kg−1 soil (200S) was investigated. Plants receiving GA in 
presence of 100S maximally utilized available S and improved photosynthetic characteristics of plants through improvement 
in SUE and antioxidant metabolism and alleviated Cd stress; the addition of 200S was of no additional benefit. Such effects 
of GA and 100S in protection of photosynthetic performance and growth involved nitric oxide (NO), which was evidenced 
on the use of NO modulators: 100 µM SNP (sodium nitropruside; NO promoter) or 100 µM c-PTIO (2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide; NO scavenger). The application of SNP improved the mechanisms of N- and 
S-assimilation and antioxidant metabolism which helped in tolerance of plants to Cd stress. Moreover, c-PTIO supplementa-
tion to GA plus S reversed the positive effects of GA and S on photosynthesis and growth, signifying the involvement of NO 
in mechanisms induced by GA + S under Cd stress. The study provides the evidence that GA and NO interact and mecha-
nisms induced by GA in presence of S were mediated by NO. The inter-relation of GA and NO may be used for augmenting 
photosynthesis and growth through utilization of S in mungbean grown under Cd stress.
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Introduction

Cadmium (Cd) is one of the most toxic heavy metals with 
much longer biological half-life (more than 20 years) and 
is highly toxic even at low concentration (Wagner 1993). 
The concentration of cadmium has been increasing at an 
extremely faster rate (Bolan et al. 2000), which is alarm-
ing in many countries. Its presence in soil has invoked the 
unprecedented rise in agricultural land deterioration and tox-
icity in plants (Kavamura and Esposito 2010; Nazar et al. 
2012; Asgher et al. 2014). It is accumulated in living tissues, 

thus perturbing the food chain (Choppala et al. 2014; Wahid 
and Khaliq 2015). The accumulation of Cd in plant cells 
induces physiological, biochemical, and molecular mecha-
nisms (Emamverdian et al. 2015; Singh et al. 2016), with 
regulatory networks with other signaling molecules (Dal-
carso et al. 2010; Asgher et al. 2014; Masood et al. 2012; 
2016). The inhibition of growth and photosynthesis with Cd 
accumulation has been reported in Lepidium sativum (Gill 
et al. 2012) and Brassica juncea (Mobin and Khan 2007; 
Nazar et al. 2012; Masood et al. 2012; Asgher et al. 2014). 
Accumulation of high levels of cadmium disrupts photosyn-
thetic machinery and structure of chloroplast, affects nutri-
ent uptake and their assimilation, and negatively influences 
biosynthesis of chlorophyll (Mobin and Khan 2007; Masood 
et al. 2012; Choppala et al. 2014). The physiological per-
formance of plants is highly adversely affected due to the 
buildup of reactive oxygen species (ROS) generated in high 
Cd levels. Excessive ROS generation due to high Cd levels 
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disturbs the redox state, disrupts the cellular and membrane 
integrity, and limits the functionality of several proteins and 
plant homeostasis (Noriega et al. 2007; Singh et al. 2016). 
Plant growth reduction was related to inhibition of carbon 
assimilation (Masood et al. 2012; Nazar et al. 2012; Khan 
et al. 2015) and ribulose 1,5-bisphosphate carboxylase/oxy-
genase (Rubisco) activity (Asgher et al. 2014). Cd restricts 
the acquisition of various essential mineral ions such as 
magnesium (Mg), potassium (K), phosphorus (P), calcium 
(Ca), and iron (Fe), thus developing their deficiency in the 
affected plants (Metwally et al. 2005; Nazar et al. 2012) and 
also obstructs the metabolism and interaction among carbon 
(C), sulfur (S) and nitrogen (N) (Harada et al. 2002; Gill 
et al. 2012; Nazar et al. 2012; Asgher et al. 2014; Khan et al. 
2015). Plants tend to develop various protective strategies 
to dissipate the toxic effects of Cd-induced oxidative stress 
by potentiating the defense mechanisms (Anjum et al. 2016; 
Singh et al. 2016). The supplementation of phytohormones 
and maintaining plant nutritional status are some of the best 
sustainable stress alleviation strategies adopted. Sulfur is 
a macronutrient that stands fourth after N, P, and K for its 
importance in regulation of plant growth and developmental 
processes. It plays a critical role in optimization of photo-
synthetic process under normal as well as stress conditions 
(Nazar et al. 2012; Khan et al. 2015) being an integral com-
ponent in the electron transport chain and iron–sulfur clus-
ters (Marschner 1995). The deficiency of S in plants ham-
pers N-assimilation and metabolism and thereby negatively 
affects growth, photosynthesis, and dry matter production 
(Tandon 1995; Kopriva et al. 2002; Nazar et al. 2012) and 
reduces content of chlorophyll and Rubisco (Lunde et al. 
2008). Sulfur is an important part of amino acids, cysteine 
(Cys), and methionine (Met), non-enzymatic antioxidants 
and reduced glutathione (GSH), glucosinolates, and Fe–S 
clusters which played significant role in mitigation of Cd-
induced stress (Anjum et al. 2008; Khan et al. 2016). Previ-
ous report by Masood et al. (2016) showed that S supple-
mentation accelerated the activity of antioxidant metabolism 
leading to improved photosynthetic performance in mustard 
under Cd stress. It has been shown that accumulation of 
thiol compounds (Cys, GSH), activity of enzymes involved 
in ascorbate–glutathione, and interaction with S and N and 
S-use efficiency in plant cells imparted tolerance to the toxic 
Cd concentration (Nocito et al. 2002; Sun et al. 2007; Khan 
et al. 2009; Hossain et al. 2012; Lancilli et al. 2014; Masood 
et al. 2016).

Phytohormones are recognized as important signaling 
molecules in abiotic stress management (Wani et al. 2016). 
Gibberellins (GA) are plant hormones involved in diverse 
functions in plants, such as improving growth and photo-
synthesis and maintaining source–sink relationship under 
optimal and stressful environments (Iqbal et  al. 2011). 
GA signaling is involved in adjustment of plants through 

interaction with nutrients or other hormones under limit-
ing environmental conditions (Masood et al. 2012, 2016; 
Masood and Khan 2013). Our earlier studies have shown 
that GA application improved leaf area index, carbonic 
anhydrase activity, plant dry mass (Khan 1996; Khan et al. 
1996), nutrients uptake, and yield efficiency in mustard 
(Khan et al. 1998, 2002, 2005). The ameliorative role of 
GA in reducing toxicity of other metal stress such as chro-
mium in pea seedlings (Gangwar et al. 2010) and nickel in 
mungbean (Ali et al. 2015) has been reported. The reports 
on the ameliorative role of GA in plants under Cd stress 
are also available (Rubio et al. 1994; Picazo et al. 2007; 
Meng et al. 2009; Masood and Khan 2013; Masood et al. 
2016). Recently, nitric oxide (NO) has become a subject of 
extensive research regarding its role in the management of 
biotic as well as abiotic stresses in plants (Singh et al. 2008; 
Xiong et al. 2009; Asgher et al. 2016). NO regulates cellular 
functions both positively and negatively which is depend-
ent on its concentration and cellular location (Leitner et al. 
2009; Gill et al. 2013). Asgher et al. (2016) reported that 
NO counteracts oxidative stress by interacting with several 
other phytohormones and signaling molecules. It has been 
reported that NO level increased endogenously under Cd 
stress, while some reported a decrease in NO level (Asgher 
et al. 2016). Previous reports have shown the role of NO in 
counteracting Cd-induced reduction of growth and photo-
synthesis through increase in the enhancement of efficiency 
of antioxidant system and sequestration of uncontrolled ROS 
generated (Hsu and Kao 2004; Per et al. 2017).

The present study was conducted to connect our find-
ings that GA and S ameliorates Cd stress through enhanced 
S-assimilation and S-metabolites production (Masood and 
Khan 2013; Khan et al. 2015; Masood et al. 2016), and NO 
has role in N- and S-assimilation in plants grown under 
salt stress (Fatma et al. 2016; Sehar et al. 2019; Jahan et al. 
2020) and Cd stress (Per et al. 2017). As there is crosstalk 
between NO and other phytohormones (Asgher et al. 2016), 
there could be an interaction between NO and GA in regu-
lating use efficiency of S, antioxidant system, and Cd toxic-
ity. It was expected that NO participated in the effects of 
GA and S in enhancing the production of thiols, antioxidant 
defense system, minimizing the toxicity generated by ROS, 
and restoration of growth and photosynthetic potential in 
mungbean.

Materials and Methods

Plant Material and Growth Conditions

Seeds of five cultivars of mungbean (Vigna radiata L.), Pusa 
Vishal, PusaRatna, Pusa 9531, Ganga, and MH 318, were 
obtained from Indian Agricultural Research Institute, New 
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Delhi, India. The seeds were surface sterilized with HgCl2 
(0.01%) and washed repeatedly with double-distilled water 
following sterilization. The seeds were then sown in  earthen 
pots of 23 cm diameter containing 5 kg of sandy loam soil.

The five cultivars of mungbean were tested for Cd toler-
ance by raising plants with 200 mg Cd kg−1 soil applied as 
CdCl2 at the time of sowing on the basis of photosynthetic 
and growth parameters. On the basis of screening experi-
ment, cultivar Pusa 9531 (selected as most tolerant cultivar) 
was grown individually with 10 µM GA or 100 mg S kg−1 
soil (100S) and 200 mg S kg−1 soil (200S) or in combination 
in presence or absence of 200 mg Cd kg−1 soil to assess the 
effects of GA and S in the maximum Cd stress alleviation. 
Further, in another experiment, the role of NO was assessed 
in GA and 100S (S)-mediated alleviation of Cd stress using 
promoter or inhibitor of NO. Plants were individually treated 
with 100 µM sodium nitroprusside (SNP; NO source or 
100  µM 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimida-
zoline-1-oxyl-3-oxide (c-PTIO; NO scavenger). SNP was 
given with Cd or Cd + S. GA was given with Cd plus S, and 
c-PTIO was supplemented with the combined dose of GA 
plus 100S. The mechanisms of S-assimilation and antioxi-
dants were evaluated for providing Cd stress tolerance and 
restoration of growth and photosynthesis. The elemental sul-
fur was used as source of S applied basally 15 d prior to sow-
ing. Spray treatments of GA, NO, or c-PTIO included 0.5% 
teepol as surfactant. The pots were irrigated with 300 ml of 
distilled water every day. The treatments (each with three 
replicates) were arranged in randomized block design and 
pots were kept in the natural conditions of day/night in net 
house of the Department of Botany, Aligarh Muslim Uni-
versity Aligarh (India) with average day/night temperatures 
of 35/22 ± 3 °C, photosynthetically active radiation (PAR) 
of 600 ± 35 µmol m−2 s−1, and relative humidity of 64–75%. 
Samples were collected for various growth, physiological, 
and biochemical studies at 30 d after sowing (DAS).

Determination of Photosynthetic Parameters 
and Growth

For photosynthetic parameters, leaf chlorophyll content was 
recorded by SPAD chlorophyll meter (SPAD 502 DL PLUS, 
Spectrum Technologies). Gas exchange parameters (stoma-
tal conductance, intercellular CO2 concentration and net 
photosynthesis) were measured in the leaves of plants that 
were fully expanded using infrared gas analyzer (CID-340, 
Photosynthesis System, Bio-Science, USA). The activity of 
Rubisco was determined by monitoring NADH oxidation at 
30 °C at 340 nm when 3-phosphoglycerate is converted into 
glycerol-3-phosphate after addition of enzyme extract to the 
reaction mixture. The method adopted and detailed proce-
dure are given in Jahan et al. (2020). Data on net photosyn-
thesis and S content in unit leaf area were used to calculate 

photosynthetic-SUE as their ratio. Dry mass of plants was 
noted after drying samples in a hot air oven at 80 °C till 
constant weight was obtained. The measurement of leaf area 
was done using a leaf area meter (LA211, Systronics, New 
Delhi, India).

Determination of Content of Cadmium

Leaf samples were dried in an oven at 80 °C for 48 h and 
the dried tissue was ground to a fine powder and digested 
with concentrated HNO3/HClO4 (3:1, v/v). The concentra-
tion of Cd was determined by the Atomic Absorption Spec-
trophotometer (GBC, 932 plus; GBC Scientific Instruments, 
Braeside, Australia).

Determination of H2O2 Content and Lipid 
Peroxidation

The H2O2 content was determined by initiating the reaction 
on addition of peroxidase at 25 °C, and the level of lipid 
peroxidation in leaves was determined by estimating the con-
tent of thiobarbituric acid reactive substances (TBARS). The 
details of the procedures and method adopted are given in 
Jahan et al. (2020).

Assay of Activity of Antioxidant Enzymes

Fresh leaf tissues (200 mg) were homogenized with an 
extraction buffer containing 0.05% (v/v) Triton X-100 and 
1% (w/v) polyvinylpyrrolidone (PVP) in potassium phos-
phate buffer (100  mM of pH 7.0) using chilled mortar 
and pestle. The homogenized material was centrifuged at 
15,000×g for 20 min at 4 °C. The supernatant obtained after 
centrifugation was used for the enzymes assay. For APX 
activity, extraction buffer was supplemented with 2 mM 
ascorbate. Activity of superoxide dismutase (SOD; EC, 
1.15.1.1), ascorbate peroxidase (APX; EC, 1.11.1.11), and 
glutathione reductase (GR; EC, 1.6.4.2) was determined by 
using the modified method described earlier by Jahan et al. 
(2020).

Activity of ATP‑Sulfurylase and SAT, Content 
of Sulfur, Cysteine and GSH

The activity of ATP-sulfurylase (ATP-S; EC, 2.7.7.4) and 
serine acetyltransferase (SAT; EC, 2.3.1.30) and content 
of sulfur, cysteine, and GSH were determined by using the 
modified methods as described earlier (Khan et al. 2015; 
Jahan et al. 2020).
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Determination of NO Level

NO generation was determined by adopting the method 
given in Jahan et al. (2020).

Determination of N Content and NR Activity

N content in leaves was estimated by Kjeldahl digestion 
method and NR activity was estimated by monitoring nitrite 
content spectrophotometrically. The detailed procedures are 
given earlier in Jahan et al. (2020).

Statistical Analysis

Analysis of variance was performed on the data expressed as 
mean ± SE (n = 3) with the help of SPSS 17.0 for Windows. 
For significant data, least significant difference (LSD) was 
calculated at p < 0.05. Bars with the same letter were not 
significantly different by LSD test at p < 0.05.

Results

Screening of Cultivars for Cd Tolerance

Mungbean cultivars, Pusa Vishal, PusaRatna, Pusa 9531, 
Ganga, and MH 318, tested for cadmium sensitivity showed 
remarkable gradient in their Cd tolerance. Plants grown with 
200 mg Cd kg−1 soil exhibited decrease in photosynthetic 
sulfur use efficiency (p-SUE) by 42.0%, 47.8%, 35.5%, 
57.3%, and 77.1% and plant dry mass by 30.0%, 38.2%, 
38.4%, 32.7%, and 28.2%, respectively, as compared to their 
respective controls. Pusa 9531 showed minimum decrease 
in p-SUE and plant dry mass under Cd stress and ,there-
fore, withstood maximum tolerance, while MH 318 showed 

minimum Cd tolerance due to maximum decrease in p-SUE 
and plant dry mass (Table 1).

Effect of GA and S Levels in Presence or Absence 
of Cd

Plants treated with individual or as combined dose of GA 
and 100S or 200S improved leaf area, plant dry mass, net 
photosynthesis, p-SUE, GSH content, and dry mass in Cd-
exposed plants. The combined treatment of GA and 100S 
maximally enhanced leaf area, plant dry mass, net photo-
synthesis, p-SUE, GSH content, and plant dry mass in Cd-
exposed plants by 21.0%, 38.4%, 36.3%, 32.9%, 113.9%, 
and 72.7%, compared to the control plants, while 200S 
in combination with GA showed no additional significant 
improvement in increasing these parameters. Hence, 100S 
was regarded as a sufficient dose for mitigation of Cd stress 
and further increase in S dose was found of no additional 
benefit (Table 2).

Influence of NO Modulators and GA + S 
on Photosynthetic Characteristics and Growth 
Under Cd Stress

The involvement of NO was studied using NO modula-
tors in GA plus 100S-mediated alleviation of Cd stress 
and protection of photosynthesis and growth. Cd stress 
decreased chlorophyll content by 64.9%, net photosyn-
thesis by 42%, intercellular CO2 concentration by 34.4%, 
stomatal conductance by 29%, Rubisco activity by 39%, 
leaf area by 30.2%, and plant dry mass by 38.5%, respec-
tively, compared to the control. The application of SNP 
resulted in increased photosynthetic and growth param-
eters of plant in comparison the control, but c-PTIO 
inhibited these characteristics. SNP in absence of S could 
not alleviate Cd stress and the values for these observed 

Table 1   Photosynthetic-
sulfur use efficiency (p-SUE), 
plant dry mass, and leaf 
area in presence or absence 
of 200 mg Cd kg−1 soil in 
mungbean (Vigna radiata L.) 
cv. PusaVishal, PusaRatna, 
cultivar Pusa 9531, Ganga, and 
MH318 at 30 d after sowing 
(DAS)

Data are presented as treatments mean ± SE (n = 3). Data followed by the same letter are not significantly 
different by LSD test at p < 0.05

Cultivars Treatments Photosynthetic-SUE
(g m−2)

Plant dry mass
(g plant−1)

Leaf area
(cm2 plant−1)

Pusa Vishal Control 14.9 ± 0.8b 2.9 ± 0.15c 98.8 ± 4.89ab

Cd 8.6 ± 0.7d 2.1 ± 0.14 cd 54.6 ± 2.69d

PusaRatna Control 15.6 ± 0.7ab 3.5 ± 0.18b 103.4 ± 5.09a

Cd 8.1 ± 0.8d 2.2 ± 0.11d 69.4 ± 3.39c

Pusa 9531 Control 16.8 ± 0.8a 3.9 ± 0.195a 109.4 ± 5.42a

Cd 10.8 ± 0.8c 2.4 ± 0.12d 76.4 ± 3.82bc

Ganga Control 15.0 ± 1.0b 3.2 ± 0.16bc 101.4 ± 5.12ab

Cd 6.4 ± 0.8e 2.1 ± 0.11d 62.6 ± 3.14 cd

MH 318 Control 14.4 ± 1.0b 2.7 ± 0.14 cd 94.3 ± 4.69b

Cd 3.3 ± 0.9f 1.9 ± 0.098e 49.4 ± 2.38de
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characteristics were found lesser than the respective con-
trol. However, when 100S was supplemented with SNP, 
it promoted photosynthesis and growth under Cd stress. 
The maximal effects of GA plus 100S and Cd in increasing 
chlorophyll content, net photosynthesis, stomatal conduct-
ance, intercellular CO2 concentration, Rubisco activity, 
leaf area, and plant dry mass by 16.8%, 23.1%, 15.9%, 
24.3%, 36.4%, 25.04% , and 38.5% in comparison to the 
respective control were ineffective when c-PTIO was used 
along with GA plus 100S and Cd, and the values of these 
characteristics were at par with the control (Table 3).

Influence of NO Modulators and GA + S on Cd 
Content, Oxidative Stress, and Antioxidant Enzymes

Leaf Cd content was analyzed to quantify the effect of NO 
modulators and GA plus 100S-mediated Cd stress allevia-
tion. Leaf Cd content increased 33.9 fold in response to Cd 
exposure as compared to the control plants. Leaf Cd content 
was lesser in NO modulator-treated plants compared to the 
Cd grown plants. The application of SNP along with 100S 
to Cd grown plants decreased leaf Cd content by 96.4%, 
compared to the Cd treatment, whereas GA plus 100S in 
presence of Cd could decrease Cd content in leaf by 95.9% 

Table 2   Leaf area, plant dry mass, net photosynthesis, photosynthetic-SUE, and content of reduced glutathione (GSH) in mungbean (Vigna 
radiata L.) cultivar Pusa 9531 at 30 day after sowing (DAS)

Plants were grown individually or in combination with 10 µM GA, 100 mg S kg−1 soil (100S) or 200 mg S kg−1 soil (200S) in the presence or 
absence of 200 mg Cd kg−1 soil. Data are presented as treatments mean ± SE (n = 3). Data followed by same letter are not significantly different 
by LSD test at p < 0.05

Treatments Leaf area
(cm2 plant−1)

Plant dry mass
(g plant−1)

Net photosynthesis
(µ mol CO2 m−2 s−1)

Photosynthetic-SUE
(g m−2)

GSH content
(nmol g−1 FW h−1)

Control 109.4 ± 5.42c 3.9 ± 0.053c 8.8 ± 0.7e 16.4 ± 0.9e 170.2 ± 13.2f

Cd 76.4 ± 3.84d 2.4 ± 0.11d 5.1 ± 0.5 g 9.52 ± 1.25f 214.5 ± 12.1e

GA 129.6 ± 6.36b 4.1 ± 0.21ab 9.9 ± 0.6de 20.2 ± 1.37 cd 313.6 ± 12.2d

100S 134.8 ± 6.59ab 4.6 ± 0.25ab 11.5 ± 0.8abc 22.6 ± 1.30b 362.4 ± 13.6b

200S 135.2 ± 6.61ab 4.9 ± 0.26ab 11.9 ± 0.7ab 22.8 ± 1.1b 362.7 ± 12.0b

GA + 100S 156.9 ± 7.79a 6.3 ± 0.31a 12.5 ± 0.7a 24.8 ± 1.05a 398.6 ± 11.8a

GA + 200S 160.6 ± 7.81a 6.9 ± 0.32a 12.9 ± 0.7a 25 ± 0.9a 399.1 ± 13.7a

GA + Cd 116.4 ± 5.69bc 3.4 ± 0.17 cd 6.8 ± 0.7f 16.3 ± 1.21e 306.2 ± 13.2d

Cd + 100S 106.4 ± 2.09c 3.7 ± 0.19 cd 10.4 ± 0.7 cd 18.7 ± 1.27d 336.4 ± 12.4c

Cd + 200S 106.9 ± 2.10c 3.9 ± 0.20 cd 10.6 ± 0.9bcd 18.9 ± 1.13d 337.5 ± 13.3c

GA + Cd + 100S 132.4 ± 6.53ab 5.4 ± 0.27b 12.3 ± 0.7a 21.6 ± 1.08bc 365.3 ± 12.1b

GA + Cd + 200S 128.6 ± 6.12b 4.9 ± 0.23ab 12 ± 0.7a 21.8 ± 1.15bc 364.2 ± 12.7b

Table 3   Chlorophyll content, stomatal conductance, intercellular CO2 concentration, Rubisco activity, net photosynthesis, leaf area, and plant 
dry mass in mungbean (Vigna radiata L.) cultivar Pusa 9531 at 30 days after sowing (DAS)

Plants were grown with cadmium (200 mg Cd kg−1 soil) or NO promoter (100 µM SNP) or scavenger (100 µM c-PTIO) or in combination with 
10 µM GA and 100 mg S kg−1 soil (S). Data are presented as treatments mean ± SE (n = 3). Data followed by same letter are not significantly dif-
ferent by LSD test at p < 0.05

Treatments Chlorophyll 
content
(SPAD value)

Stomatal con-
ductance
(m mol CO2 
m−2 s−1)

Intercellular CO2 
concentration
(µ mol CO2 
mol−1)

Rubisco activity
(µmol CO2 
mg−1 protein 
min−1)

Net photosyn-
thesis
(µ mol CO2 
m−2 s−1)

Leaf area
(cm2 plant−1)

Plant dry mass
(g plant−1)

Control 32.5 ± 1.9bc 424 ± 11.1c 264 ± 13.0c 45.3 ± 2.2 cd 8.8 ± 0.7c 109.4 ± 5.42c 3.9 ± 0.053d

Cd 11.4 ± 2.1d 301 ± 12.2e 173 ± 121e 27.6 ± 2.3d 5.1 ± 0.5d 76.4 ± 3.84d 2.4 ± 0.11e

SNP 41.6 ± 1.9bc 492 ± 12.1b 292 ± 12.1b 55.9 ± 2.7ab 10.1 ± 0.7b 132.4 ± 6.56a 4.4 ± 0.22ab

c-PTIO 30.6 ± 2.4c 387 ± 12d 255 ± 12.5d 44.8 ± 2.4 cd 7.8 ± 0.7e 108.8 ± 5.59c 3.54 ± 0.198 cd

SNP + Cd 32.9 ± 1.9bc 394 ± 12.1 cd 272 ± 12.1 cd 51.4 ± 2.5bc 7.3 ± 0.7 cd 121.8 ± 5.98bc 3.6 ± 0.18 cd

SNP + S + Cd 53.4 ± 2.4a 569 ± 12.2a 361 ± 13.8a 73.6 ± 2.4a 13.8 ± 0.7a 136.8 ± 6.79a 5.4 ± 0.27a

GA + S + Cd 47.9 ± 2.23ab 522 ± 12.2ab 324 ± 12.2ab 68.6 ± 2.3ab 12 ± 0.7ab 134.2 ± 6.56a 5.1 ± 0.255a

GA + S + Cd + 
c-PTIO

39.7 ± 2.1b 481 ± 12.2bc 285 ± 13.8bc 54.7 ± 2.7b 9.9 ± 0.6bc 126.4 ± 6.24ab 3.9 ± 0.192d
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compared to the Cd treatment. The use of c-PTIO reversed 
the effects of GA plus 100S in presence of Cd on leaf Cd 
content which was 97%, compared to the Cd-treated plant 
(Fig. 1). The content of H2O2 and TBARS increased by 
117.1% and 124.1% in Cd grown plants compared to the 
control (Fig. 1). The effect of NO modulators was in line 
with their effects on Cd content (Fig. 1).

The activity of antioxidant enzymes was modulated with 
the use NO modulator and GA plus 100S in presence of Cd. 
The activity of SOD, APX, and GR increased in Cd grown 
plants. Application of SNP increased activity of SOD, APX, 
and GR by 198.5%, 171.4%, and 176.2%, in comparison to 
the control. The individual use of c-PTIO decreased activity 
of antioxidant enzymes in comparison to the control. Sup-
plementation of SNP increased the activity of these antioxi-
dant enzymes of Cd grown plants by 250.8%, 180.9%, and 
247.6% in comparison to the control. However, the effect of 
SNP in Cd grown plants was more profound when 100S was 
supplemented. Supplementation of c-PTIO to GA plus 100S 
in presence of Cd reduced the effects GA plus 100S under 
Cd stress. This reflected that NO-induced activity of anti-
oxidant enzymes was one possible mechanism of GA plus 
100S-mediated increase in activity of antioxidant enzymes 
to counter Cd toxicity (Fig. 2).

Effect of NO Modulators and GA + S in S‑Assimilation 
Under Cd Stress

Cd stress significantly decreased the S content by 24.3% and 
increased the content of Cys, GSH, and activity of ATP-S 
and SAT by 60.6%, 26.0%, 50.3%, and 51.4%, respectively, 
as compared to the control plants (Table 4). Application 
of SNP improved S-assimilation, and in absence of NO 
in c-PTIO-treated plants the S-assimilation reduced as 
observed by the determined parameters. The SNP or GA 
along with 100S in Cd grown plants was equally effective in 
increasing S content, ATP-S activity, SAT activity, Cys con-
tent, and GSH content by 58.1%, 165.5%, 105.3%, 160.1%, 
and 145.0%, respectively, in comparison to the control. The 
Cd grown plants receiving GA plus 100S treatment when 
supplemented with c-PTIO reversed the beneficial effects 
of GA plus 100S effects (Table 4).

Influence of NO Modulators in GA + S‑Mediated 
Effect on N Content, NR Activity, and NO Generation

Plants grown with Cd showed reduced N content by 52.3% 
and NR activity by 35.9%, but increased NO generation by 
371.4%, compared to the control plants. The influence of 
SNP optimized N content, NR activity, and NO generation, 
and the increase recorded was 19.3%, 49.2%, and 171.4% in 
comparison to the control. Application of c-PTIO showed 
involvement of NO in N-assimilation and NO generation. 

Fig. 1   Leaf Cd content (a), H2O2 content (b), and TBARS content 
(c) in mungbean (Vigna radiata L.) cultivar Pusa 9531 at 30 DAS. 
Plants were grown individually or in combination with 0, 10 µM GA, 
100 µM NO (as SNP; sodium nitropruside), 100 mg S kg−1 soil (S), 
and 100  µM c-PTIO (2-(4-carboxyphenyl)-4,4,5,5-tetramethylimi-
dazoline-1-oxyl-3-oxide) grown with/without 200  mg  Cd  kg−1 soil. 
Data are presented as treatments mean ± SE (n = 3). Bars with the 
same letter were not significantly different by LSD test at p < 0.05
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Application of SNP or GA supplemented with 100S to 
plants under Cd stress restored N-assimilation and opti-
mized NO generation compared to Cd grown plants. The 

effects of GA + 100S in the presence of Cd were mediated 
by NO, which became evident with the use of c-PTIO to 
GA + 100S + Cd combination (Fig. 3).

Discussion

Anthropogenic activities and unorganized industrial and 
household waste management has led to a serious threat of 
alarming increase in Cd concentration in agricultural land 
worldwide (Asgher et al. 2014; Emamverdian et al. 2015). 
In the presence of Cd, plants show initial alterations on bio-
chemical and molecular mechanisms that are manifested in 
altered physiological processes and growth retardation. In 
the present study, Cd markedly inhibited growth, photosyn-
thesis, and S status of mungbean plants more conspicuously 
in a sensitive cultivar. The tolerance of Pusa 9531 cultivar to 
Cd was attributed to its ability to utilize maximum S avail-
able and representing highest photosynthetic-SUE under 
Cd stress. It has been shown that S-assimilation results in 
synthesis of reduced compounds that help in reduction of 
oxidative stress through increase in antioxidant metabolism 
(Anjum et al. 2016; Khan et al. 2016). The cultivar Pusa 
9531 experienced least oxidative stress with strong antioxi-
dant metabolism because of higher S-assimilation and its 
incorporation into photosynthetic machinery and maintained 
growth. The supplementation of 100S proved better than 
200S in mitigation of Cd toxicity, as 100S proved optimal 
in increasing the growth and photosynthesis in presence 
or absence of Cd. Further increasing the S level was of no 
additional benefit. In the earlier reported research maximum 
SUE was found with optimal S in mustard plants grown 
without stress (Khan et al. 2005) or in plants under Cd stress 
(Masood et al. 2012). Phytohormones have been shown to 
induce the mechanisms responsible for optimizing growth 
and photosynthesis under heavy metals stress conditions 
(Asgher et al. 2014, 2016). GA has been known to impro-
vise photosynthetic and growth (Khan et al. 1996, 1997) 
through efficient utilization of N, P and S (Khan et al. 1997; 
2005), and promoting SUE (Khan et al. 1998; Masood et al. 
2012). It has been shown GA application improved growth 
characteristics of Cd affected plants by reducing its accumu-
lation in cells by depressing the Cd transporter gene IRT1 
(Zhu et al. 2012). The improved nutrients acquisition on GA 
application under Cd stress helped in metabolites synthesis 
for meeting of increased demand of above-ground parts. 
The supplementation of S to GA sprayed plants showed 
improved response towards use efficiency of nutrients and 
plants acquire S and N more efficiently (Khan et al. 2005) 
and augmented the positive effect of GA on the growth res-
toration and photosynthetic reversal under Cd stress. GA 
has been shown to increase photosynthetic enzymes (Khan 
et al. 1996; Yuan and Xu 2001), and promotes production of 

Fig. 2   Activity of superoxide dismutase (SOD) (a), ascorbate per-
oxidase (APX) (b), and glutathione reductase (GR) (c) in mungbean 
(Vigna radiata L.) cultivar Pusa 9531at 30 DAS. Plants were grown 
individually or in combination with 0, 10 µM GA, 100 µM NO (as 
SNP; sodium nitropruside), 100  mg  S  kg−1 soil (S), and 100  µM 
c-PTIO (2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide) grown with/without 200 mg Cd kg−1 soil. A unit of 
SOD was defined as the amount of enzyme that inhibited the NBT 
reduction by 50% at 560  nm. One unit of the APX was defined as 
the amount necessary to decompose 1 µmol of substrate per minute 
at 25  °C. One unit of GR was the amount necessary to decompose 
1 µmol of NADPH min−1 at 25 °C. Bars with the same letter were not 
significantly different by LSD test at p < 0.05
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S-containing thiols such as GSH, cysteine, and methionine 
(Masood et al. 2012). The optimal availability of nutrients 
promoted by GA regulated N and S metabolism for better 
incorporated into various important amino acids and proteins 
including Rubisco, as the role of nutrients in alleviation of 
Cd toxicity has been shown (Nazar et al. 2012). The role of 
GA in alleviating the Cd toxicity has been shown in earlier 
studies (Meng et al. 2009; Masood and Khan 2013; Masood 
et al. 2012, 2016). Plants when experience Cd stress show 
increased oxidative stress and ROS generation that disrupts 
membrane integrity and leakage of essential ions occurs and 
results in nutritional deficiency. In such circumstances sup-
plementation of S together with GA proved advantageous 
for plants by synthesizing more of the S-containing reduced 
metabolites. The production of GSH is controlled by its pre-
cursor cysteine regulated by N and S metabolism.

The potential of GA plus S in alleviating Cd stress 
through increased SUE was NO mediated. The supplemen-
tation of NO modulators in the present study has shown that 
SNP (NO promoter) improves growth and photosynthesis 
through increased mechanisms of N- and S-assimilation and 
antioxidant system, while c-PTIO (NO scavenger) inhibited 
the promotory effects of GA plus S on the these mechanisms 
and reversed the effects of GA + S on growth and photosyn-
thesis. Studies have shown role of NO in plant development, 
physiological functions, nutrients acquisitions, antioxidant 
metabolism ,and other mechanisms under optimal and stress-
ful environments (Du et al. 2008; Basalah et al. 2013; Most-
ofa et al. 2015; Fatma et al. 2016; Per et al. 2017; Ahmad 
et al. 2018; Kaya et al. 2019; Sehar et al. 2019; Jahan et al. 
2020). NO mediates the functional capacity of GSH to mini-
mize Cd-generated ROS (Asgher et al. 2014; Fatma et al. 
2016; Zhao et al. 2015; Hasanuzzaman et al. 2017). NO has 
been shown to safeguard chlorophyll pigment maintaining 

the ultra-structure of chloroplast and enhancing net pho-
tosynthesis and gas exchange through stomatal aperture 
(Fatma and Khan 2014). The interaction of NO with other 
phytohormones under abiotic stress has been shown (Asgher 
et al. 2014, 2016). Masood and Khan (2013) and Masood 
et al. (2016) have reported that ethylene was involved in GA-
induced S-assimilation and Cd tolerance. The inter-relation 
of NO with other signaling molecules, such as abscisic acid 
(Garcia-Mata and Lamattina 2002; Zhou et al. 2005; Wang 
et al. 2015), glucose (Sehar et al. 2019), and H2S (Kaya 
et al. 2019), to provide abiotic stress factors tolerance has 
been reported. However, involvement of NO in GA and 
S-mediated mechanisms for tolerance to Cd stress has not 
been shown earlier.

Conclusion

It may be concluded from the present study that Cd toler-
ance in cultivar Pusa 9531 was associated with higher use 
efficiency of S enabling its incorporation in photosynthesis 
and growth. Plants receiving GA and 100 mg S kg−1 soil 
show more pronounced effect in mitigation of Cd through 
increased photosynthetic-SUE and GSH production. The 
involvement of NO in GA and S-mediated alleviation of 
Cd toxicity was due to induction of N- and S-assimilation 
and  antioxidant system, thus protecting photosynthesis and 
growth. There exists interplay between GA and NO in modu-
lating Cd tolerance in presence of S through improvement 
in mechanisms for resisting Cd adverse effects. Thus, these 
interactions may be exploited as a sustainable strategy in 
strengthening the photosynthetic performance and growth 
of crops affected by heavy metal stress.

Table 4   Content of S, activity of ATP-sulfurylase (ATP-S), serine acetyl transferase (SAT), cysteine content, and content of reduced glutathione 
(GSH) in mungbean (Vigna radiata L.) cultivar Pusa 9531 at 30 day after sowing (DAS)

Plants were grown with cadmium (200 mg Cd kg−1 soil) or NO promoter (100 µM SNP) or scavenger (100 µM c-PTIO) or in combination with 
10 µM GA and 100 mg S kg−1 soil (S). Data are presented as treatments mean ± SE (n = 3). Data followed by same letter are not significantly dif-
ferent by LSD test at p < 0.05

Treatments S content
(mg g−1 DW)

ATP-S activity
(µmol g−1 protein s−1)

SAT activity
(U mg−1 protein min−1)

Cysteine content
(nmol g−1 FW)

GSH content
(nmol g−1 FW h−1)

Control 8.2 ± 0.36c 1.5 ± 0.20d 1.69 ± 0.16d 24.4 ± 1.6d 170.2 ± 13.2e

Cd 6.2 ± 0.36d 2.3 ± 0.20c 2.56 ± 0.13bcd 39.2 ± 1.6bc 214.5 ± 12.1d

SNP 9.1 ± 0.43b 2.7 ± 0.20bc 2.97 ± 0.16c 32.2 ± 1.6c 319.7 ± 12.2bc

c-PTIO 7.3 ± 0.4 cd 1.3 ± 0.18d 1.58 ± 0.14de 23.8 ± 1.52d 154.9 ± 12.5ef

SNP + Cd 7.7 ± 0.45bc 3.7 ± 0.23ab 3.61 ± 0.14b 44.6 ± 1.7b 339.1 ± 12.5b

SNP + S + Cd 13.0 ± 0.43a 4.0 ± 0.20a 3.53 ± 0.14ab 64.1 ± 1.5a 421.9 ± 13.6a

GA + S + Cd 11.4 ± 0.43a 4.4 ± 0.22a 4.22 ± 0.14a 58.7 ± 1.7ab 364.2 ± 12.7ab

GA + S + Cd + c-PTIO 8.9 ± 0.36b 2.6 ± 0.20bc 2.88 ± 0.13 cd 30.6 ± 1.6 cd 313.6 ± 12.2bc
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