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Abstract
Wheat (Triticum aestivum L.) is among the plants that are at risk from cadmium (Cd), a hazardous heavy metal that can be 
fatal due to its rapid absorption and high mobility. Being taken up from the soil and moving to the shoots and roots of edible 
plants, it enters the food chain and poses a health concern to people worldwide. A strategically important cereal crop, wheat 
has a demonstrated role in human health systems, particularly in poor nations. In this study, we describe the effects of nitric 
oxide (NO) on the growth, nutrition, and physiological functions of commercially cultivated wheat cvs. Galaxy 2013 and 
Akbar 2019 under Cd stress. Four-week-old plants were subjected to Cd (0.5 mM) stress, and after 2 weeks of Cd toxicity, 
foliar application of nitric oxide (100 and 150 μM) was carried out. As evident from excessive antioxidant production, Cd 
toxicity increased reactive oxygen species (ROS) level like  H2O2 and significantly (p ≤ 0.001) decreased nutrient acquisition, 
growth, and yield attributes of plants under experiment. The severity of the effect varied between cultivars under investiga-
tion. A minimum accumulation of MDA (44%) and  H2O2 (55%) was found in the cv. Akbar 2019 under Cd stress, whilst cv. 
Galaxy 2013 showed the highest accumulation of the oxidative stress indicators malondialdehyde content (MDA) (48%) and 
 H2O2 (60%). Reduced and oxidized glutathione contents were also increased under Cd-induced toxicity. The application of 
NO resulted in a significant improvement of 22, 25, 25, and 30% in shoot fresh weight, root fresh weight, shoot dry weight, 
and root dry weight, respectively. Additionally, there was an increased uptake of  Ca+2 (16%),  K+1 (5%), chlorophyll a (46%), 
b (32%), a/b ratio (41%), and carotenoid (28%). When compared with Cd-stressed plants, yield parameters like 100 grain 
weight, number of tillers  plant−1, and grain yield  plant−1 improved by 14, 17, and 33%, respectively, under NO application. 
We concluded from the results of this study that NO treatments increased plant development by lowering oxidative stress 
and limiting Cd uptake. It is inferred from the results of this study that wheat production with reduced heavy metal uptake 
may be facilitated using NO due to its cytoprotective properties and its interaction with ROS.
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Introduction

Abiotic stress is regarded as one of the key determinants to 
crop productivity and yield declines, accounting for nearly 
70% of the global fall in crop yields (Godoy et al. 2021). 
The unbalanced relationship between crop productivity 
and the exponential population expansion has made this 
issue even worse. Therefore, it is crucial to comprehend 
how plants respond to such environmental constraints, 
especially heavy metals, and figure out how to reduce their 
damaging effects on plants (Singh et al. 2016).

Agricultural activities such as pesticide application, use 
of limestones, and inorganic fertilizers along with sewage 
sludge are also sources of heavy metal contamination in 
the environment. Different chemical processes like iron 
and steel smelting in industrial activities, electricity gen-
eration from coal and oil, mining, and sewage sludge all 
contribute to ecosystem destruction by deposition of heavy 
metal (Alengebawy et al. 2021). Their accumulation low-
ers soil quality, damages plants, and transmits pollutants 
to subsurface/surface water, where it enters the trophic 
food chain (Balali-Mood et al. 2021). Earth crust contains 
different types of heavy metals (Hurdebise et al. 2015). 
Among them, some are declared as life threatening and 
extremely dangerous for the environment by US Environ-
mental Protection Agency (Terrón-Camero et al. 2019). 
Heavy metals such as Cd, Pb (lead), and As (arsenic) 
have contaminated one-fifth of agricultural land (Shi et al. 
2019). These heavy metals have a variety of deleterious 
effects on plants, including reduced biomass accumulation, 
chlorosis, growth inhibition, poor photosynthesis, altered 
water balance, uneven nutrient absorption, and senescence. 
All these unfriendly processes result in plant mortality 
(Štofejová et al. 2021). The Cd is notoriously famous for 
destruction of soil-plant system due to its high solubility 
and mobility in agriculture systems (Anjum et al. 2016). 
Some previous studies marked out that Cd reduced germi-
nation, growth, dry biomass, and photosynthetic pigments 
in wheat (Dan-Yang et al. 2018).

Plants have different built-in mechanisms and strategies 
which help them to avoid and ameliorate the unfavora-
ble and destructive effects of metal toxicity (Rather et al. 
2020). Increasing nutrient uptake, triggering the antioxi-
dant defense, and prompting biochemical and physiologi-
cal processes including a cascade of signaling mediated 
by plant growth regulators are some of these strategies 
(Per et al. 2017). Soil remediation is being performed 
by applying different biochemical agents like charcoal, 
ferrous manganese, and slag to alleviate the deleterious 
aftereffects of Cd accumulation. There are different limi-
tations and blockades which make soil remediation diffi-
cult by these means, including price, amount needed, and 

contamination due to some inorganic sources and time 
limitation in case of biological remediation. It is clearly 
evident from the results of previous study that NO has 
a positive outcome to reduce hazardous effects of Cd in 
plants (Khan et al. 2020).

In plants, the NO is a transient, multipurpose, and gas-
eous signaling molecule (Astier et al. 2018) which regu-
lates different stages of plant life from germination to 
senescence (Corpas and Barroso 2015). Its synthesis and 
signaling play a vital role in alleviation and acclimation of 
plants in stressed environment (Kushwaha et al. 2019). The 
main objective of present study was based to investigate 
Cd uptake, its transport behavior, and its impact on cellular 
mechanisms in different indigenous wheat varieties of com-
mercial interest. Understanding the mechanism underlying 
NO-mediated alleviation of Cd toxicity in wheat and high-
lighting the essential components of Cd phytotoxicity were 
the set goals of the study. The current study will discuss the 
findings of the Cd toxicity and NO cross talk in wheat in 
addition to making important recommendations for addi-
tional research in this field.

Materials and methods

This study aimed to examine the effects of NO foliar spray 
on wheat (Triticum aestivum L.) under Cd stress. We con-
ducted pot experiments in triplicate for each treatment using 
a completely randomized design (CRD) to undertake this 
investigation. In this study, two commercial wheat cvs. Gal-
axy 2013 and Akbar 2019 were employed, and 12 seeds 
were planted in earthen pots of 30-cm diameter and 35-cm 
height, filled with 15-kg sandy loam soil. The soil pH was 
7.8 and electrical conductivity was 2.01 dS/m. The nitrate 
content, available phosphorus, and exchangeable potassium 
were 45.5, 35.00, and 315 mg/kg, respectively.

After 3 weeks of germination, six plants were maintained 
in each pot and subsequently subjected to 0.5 mM of Cd 
stress using cadmium chloride as source material. After 2 
weeks of Cd stress, we used sodium nitroprusside (SNP) 
as a foliar spray to give NO at 100 and 150 μM dosages. 
The foliar spray was supplemented with 0.1% Tween 20 as 
surfactant. After 3 weeks of NO application, we uprooted 
the plants to evaluate their growth, biochemical, and physi-
ological characteristics. Three plants in each pot were left 
to grow for yield attribute study.

Growth attributes

Three samples from each replication were selected ran-
domly. Plants were uprooted and washed with distilled water 
and were used for fresh and dry biomass estimation. After 



9846 Environmental Science and Pollution Research (2024) 31:9844–9856

1 week of shade drying, the collected shoots and roots were 
subjected to oven drying at 60 °C for 72 h. The dry mass of 
the tested subjects was determined using digital weight bal-
ance. At maturity, grain weight of 100 seeds, tillers  plant−1, 
and grain yield  plant−1 were calculated.

Chlorophyll content determination

The Arnon (1949) method was used to assay the pigment 
contents (chl. a and b). A leaf tissue weighing 0.5 g was 
pulverized using 10 mL of 80% acetone. This mixture was 
then stored in a refrigerator at 4 °C overnight. After 5-min 
centrifugation at 12,000 × g, the optical density (OD) was 
measured by Ultra-violet visible spectrometer (Hitachi-
U2001 Tokyo Japan) at wavelengths of 645 and 663 nm.

Formula used to calculate the values of photosynthetic 
pigments is as follows:

V = extracted sample volume
W = fresh biomass weight (g)

Antioxidant enzymes assay

Liquid nitrogen was used to grind a leaf tissue weighing 
0.5 g to halt metabolic activity and facilitate better analysis. 
Subsequently, a homogenized mixture was created using a 
phosphate buffer (PPB) with a concentration of 0.5 M and 
a pH of 7.5. The sample was centrifuged (12,000 × g) at 4 
°C for 20 min. The resulting supernatant was carefully col-
lected. For enzyme assays, the supernatant was preserved 
at − 80 °C.

As stated by Nakano and Asada (1981), the reduction 
in absorbance at 290 nm was observed for 120 s to verify 
the presence of ascorbate peroxidase (APX) activity in 
the mixture. Nitroblue tetrazolium chloride inoculated to 
the enzymes, inhibiting their photochemical activity. The 
absorbance at 560 nm was recorded to assess the activity of 
superoxide dismutase (SOD) using the method.

The Polle et al. (1994) method was used to determine the 
activity of peroxidase (POD). This involved adding guaiacol 
(20 mM) and 100 μL of enzyme extract and hydrogen perox-
ide  (H2O2, 10 mM) to a 3-mL reaction mixture. A rise in OD 
confirmed the presence of  H2O2, recorded at 470 nm for 3 min.

Catalase (CAT) was assessed using a technique pioneered by 
Chance and Maehly (1955). The composition of reaction mix-
ture was 0.1 mL of enzyme extract, 20 mM  H2O2, and a PPB 
with a concentration of 0.5 M with pH 7.5. Over the course of 
3 min, the decrease in absorbance was measured at 240 nm.

Chlorophyll a = [12.7×(OD663)−2.69×(OD645)]×V
/

1000×W

Chlorophyll b = [22.9×(OD645)−4.68×(OD663)]×V
/

1000×W

All enzymatic antioxidant activities were quantified in 
enzyme units per milligram of protein (U mg −1).

MDA content

The MDA content was estimated using a modified version 
of technique to determine the degree of lipid peroxidation. A 
frozen leaf sample weighing 2 g was homogenized in 20 mL 
of 50 mM phosphate buffer with a pH of 7.8. Centrifuging the 
homogenate for 10 min at 4 °C and 12,000 × g. The recovered 
supernatant was combined with 1.5 mL of 0.5% TBA in a 
volume of 5 mL. After being heated for 20 min at 95 °C in a 
water bath, the resulting mixture was cooled in an ice bath. At 
wavelengths of 532, 600, and 440 nm, the supernatant absorb-
ance was calculated using a spectrophotometer (UV-2550; 
Shimadzu, Kyoto, Japan). The MDA content was calculated 
using the following formulae and given as  nmolg−1 FW:

H2O2 content

Leaf tissues homogenized in trichloroacetic acid (TCA) were 
used to assess the  H2O2 content according to Velikova et al. 
(2000) method. Analytical grade  H2O2 was used to make 
standard calibration curve and was used thereafter for cal-
culation of  H2O2 concentration.

Proline content

For assays of proline contents, 3% sulphosalicylic acid, vol-
ume 0.5 mL, was homogenized with fresh biomass of sample 
weighing 0.1 g. The homogenate material was centrifuged. 
Supernatant was extracted mixed and homogenized with 
glacial acetic acid along with ninhydrin. The resultant com-
bination was heated for an hour before being plunged into 
ice water for 10 min. The OD of sample at 520 nm revealed 
the presence of proline content in plant biomass using a UV-
Vis spectrometer (model: Hitachi-U2001, manufactured in 
Tokyo, Japan) (Bates et al. 1973).

GB determination

Grieve and Grattan’s (1983) method was applied to detect and 
analyze GB content. Fresh leaves were mixed with 2 N  H2SO4 

[(

Abs 532+TBA

)

−
(

Abs 600+TBA

)

−
(

Abs 532−TBA − Abs 600−TBA

) ]

= A

[(

Abs 440+TBA − Abs 600+TBA

)

0.0571
]

= B

MDA = (A − B∕157000) × 106
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and vortexed rapidly; after that, the mixture was refrigerated. 
Iodine and potassium were mixed to prepare periodide solu-
tion, which then mixed with extracts and stored at 4 °C for 16 
h. The supernatant was taken out after the mixture was centri-
fuged at 10,000 × g for 15 min at 4 °C. The 1,2-dichloroethane 
along with iodide crystals comprising a volume of 10 mL was 
vortexed and contained at 25 °C for 20 min. The OD of sample 
solution was then assessed at a wavelength of 365 nm reveal-
ing the presence of our desired compound.

Estimation of  K+ and  Ca+2 ions

The approach outlined by Allen et al. (1976) was used to 
detect and quantify ions. In this procedure, 0.2-mL concen-
trated  H2SO4 was used to digest 0.1 g of dried plant mate-
rial. The resultant combination underwent a 24-h incubation 
period. Sample with a preheating at 150 °C was subjected to 
35%  H2O2 treatment until it became a clear solution. Using a 
flame photometer of the Sherwood Model 360, the digested 
solution was used to measure the amounts of  K+ and  Ca+2 
ions.

Estimation of Cd contents

Following Wolf’s (1982) method, 0.2 g of thoroughly dried, 
finely crushed plant material was obtained and subjected to 
digestion within a solution composed of  H2SO4 and  H2O2 in 
a 3:1 ratio. The concentration of Cd was determined using 
an atomic absorption spectrophotometer (Z-2000 240V 
Hitachi). By utilizing a stock solution with a 100 mg/L Cd 
concentration and consulting a standard curve, the levels of 
Cd were calculated.

Estimation of GR

Smith et al. (1988)’s method was used to extract reduced 
glutathione (GR) from 0.5 g of plant tissues using a 0.5-mL 
sample of 100 mM PPB at pH 7.5 and treated with 0.5 mM 
EDTA. Glutathione (GSH) reduced the DNTB, resulting 
in higher OD detection leading to GR activity under 412 
nm. The absorbance variations in the reaction mixture were 
plotted against a known amount of glutathione reductase to 
assess GR activity.

Estimation of oxidized GSH and reduced glutathione 
(GSSG)

Updated Griffith’s (1980) technique to quantify GSSG and 
GSH concentrations in wheat leaves, a sample of 0.25 g 
fresh leaf mass was crushed in 0.1 M HCl and 0.01 mM 
EDTA (total volume 2 mL) and recovered the extract by 
centrifuging at 12,000 × g for 15 min at 4 °C. In the PPB, 
125 mM (200 mL), 6.0 mM DTNB (100 mL), 200 mL of 

the extract, 0.3 mM NADPH (500 L), and 6.3 mM EDTA 
(pH 7.5). The absorbance at 412 nm was measured using 
spectrophotometer (UV-2550; Shimadzu, Kyoto, Japan).

Grain yield (g)

The total number of grains of each plant was counted and 
weighed using digital weight balance.

Number of tillers per plant

The number of tillers per plant of each variety was counted 
manually.

100‑grain weight

Weight of 100 grains for each plant was measured by using 
digital weight balance.

Statistical analysis

Using CoStat Ver. 6.303, the significance between the mean 
values was assessed once the data were acquired and vali-
dated. RStudio Ver. 4.13 for Windows was used to investi-
gate the associations between the various analyzed variables 
(Fig. 5) and PCA (principal component analysis) (Fig. 6).

Results

Different symptoms like stunted growth, disturbed metabolic 
machinery, and disturbed osmotic balance indicate that Cd 
accumulation in different plant tissues. In this investigation, 
we observed a considerable (p ≤ 0.001) downfall in shoot 
fresh weight (35%, 31%) and dry weight (32%, 28%) of Gal-
axy 2013 and Akbar 2019, respectively.

The foliar application of NO increased 22 and 19% shoot 
fresh weight along with 25% and 26% dry weight in Galaxy 
2013 and Akbar 2019, respectively.

Both wheat cvs. Galaxy 2013 and Akbar 2019 experi-
enced a significant decrease in root fresh (37 and 34%) and 
dry (36 and 22%) weight under Cd stress when compared 
with control. The NO foliar application under Cd stress 
increased fresh (25 and 22%) and dry (30 and 14%) weight 
of root in wheat cvs. Galaxy 2013 and Akbar 2019, respec-
tively. The cv. Akbar 2019 performed better under control 
and stress condition with NO (150 μM) application (Fig. 1).

Stress causes a substantial impact on the production and 
working of plant pigment contents. One of the primary 
reactions compromised by stress in plants is photosynthe-
sis. As compared to control, the Cd stress decreased chl 
a (49 and 42%), chl b (40 and 25%), chl a/b ratio (47 and 
38%), and carotenoid (34 and 29%) in cvs. Galaxy 2013 



9848 Environmental Science and Pollution Research (2024) 31:9844–9856

and Akbar 2019. The NO application was found to be a 
positive stimulator of carotenoid and chlorophyll synthesis, 
which would have improved the photosystem I and II effi-
ciency of wheat plants in this study. A linear relationship 
between NO concentration used and increment in pigments 
concentration was observed in the present study. At 150 
μM NO application, the highest increase in chl a (46 and 
39%), chl b (32 and 21%), chl a/b ratio (41 and 30%), and 
carotenoid (28 and 21%) was observed in both wheat cv. 
under study (Fig. 2).

Oxidative stress in the plant cells caused by Cd tox-
icity resulted in significant alterations in enzyme activ-
ity. Antioxidant enzyme activities (SOD, POD, CAT, 
and APX) considerably enhanced in response to Cd 
stress. Both wheat cvs., Galaxy 2013 and Akbar 2019 
when exposed to stress, had higher contents of SOD (25 
and 43%), POD (52 and 24%), CAT (38 and 40%), and 
APX (29 and 33%) as comparison to control. While NO 

application improved antioxidative capacity of the cell 
by increasing activity of SOD (28 and 9%), POD (9 and 
18%), CAT (5 and 3%), and APX (9 and 3%) in cvs. Gal-
axy 2013 and Akbar 2019, respectively when compared 
with stressed plants (Fig. 3).

The MDA and  H2O2 contents were measured to exam-
ine lipid peroxidation, which is an indirect measure of the 
membrane damage caused by Cd stress. The MDA (48 and 
44%) and  H2O2 (60 and 55%) contents gradually increased 
with increasing Cd concentration in both wheat varieties 
when compared to untreated control plants. Application of 
NO under stressful conditions reduced MDA (36 and 31%) 
and  H2O2 (34 and 32%) in both cvs. Galaxy 2013 and Akbar 
2019, respectively (Fig. 4).

Proline and GB levels in wheat plants are normally low, 
but they rose when Cd stress was applied. In the present 
study, GB (63 and 45%) and proline (56 and 59%) accumula-
tion in response to Cd stress in both varieties is to maintain 
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Fig. 1  The effects of NO application on shoot fresh weight (a), shoot 
dry weight (b), root fresh weight (c) and root dry weight (d) of wheat 
(Triticum aestivum L.) cultivars under Cd stress. Treatments applied 

were as T0 = Control, T1 = 100 μM NO, T2 = 150 μM NO, T3 = 0.5 
mM Cd, T4 = 100 μM NO + 0.5 mM Cd, T5 = 150 μM NO + 0.5 
mM Cd
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the osmotic balance in the cells as compared to positive 
control plants. The NO application under stress condition 
further increased the GB (10 and 29%) and proline (34 and 
32%) in Galaxy 2013 and Akbar 2019, respectively (Fig. 4).

The uptake and transfer of minerals by plants are crucial 
for their growth, and Cd may interfere with this process and 
cause disruptions. In Galaxy 2013 and Akbar 2019, respec-
tively, the results showed that calcium (23 and 22%) and 
potassium (9 and 10%) ions decreased more under Cd stress 
compared to the positive control, while NO foliar application 
under Cd stress significantly increased calcium (16 and 21%) 
and potassium (5 and 6%) contents compared to negative 
control plants (Table 1).

Current study demonstrated significant increase in 
Cd ion (96 and 61%) under Cd stress in both wheat cvs. 

Galaxy 2013 and Akbar 2019 as compared to controlled 
plants while NO application significantly decreased Cd ion 
(42 and 56%) in Galaxy 2013 and Akbar 2019 as compared 
to Cd stress condition (Table 1).

Additionally, it was discovered in this study that GR (13 
and 16 %) activity considerably elevated under Cd stress. 
The increase in GR’s substrate, GSSG, may be the cause 
of this observation (33 and 30 %).GR is a flavoenzyme that 
catalyzes the conversion of GSSG to GSH. It increased in 
Galaxy 2013 (53%) and Akbar 2019 (51%) under stress 
conditions when compared to control plants. While NO 
application further increased GR (12 and 43%), GSH (40 
and 5%), and GSSG (21 and 49%) level in Galaxy 2013 
and Akbar 2019 cultivars as compared to negative control 
(Table 2).
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Fig. 2  The effects of NO application on chlorophyll a (a), chlorophyll 
b (b), chlorophyll a/b ratio (c), and carotenoids (d) of wheat (Triticum 
aestivum L.) cultivars under Cd stress. Treatments applied were as T0 

= Control, T1 = 100 μM NO, T2 = 150 μM NO, T3 = 0.5 mM Cd, 
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Different yield attributes substantially decreased under 
Cd stress in this study. The decrease in 100-grain weight 
(21 and 14%), no. of tillers per plant (26 and 22%), and 
grain yield  plant−1 (58 and 46%) was significant in cvs. 
Galaxy 2013 and Akbar 2019 which revealed elevated 
stress levels compared to the control. When no foliar 
application was used, however, there was a significant 
increase in 100-grain weight (14% and 10%), tillers per 
plant (17% and 5%), and grain yield per plant (33% and 
20%) in Galaxy 2013 and Akbar 2019, respectively, when 
compared to Cd-treated plants, as shown in Table 2.

Pearson’s correlation shows the relationship between wheat 
plant growth, physio-biochemical traits, antioxidants, miner-
als, and yield attributes (Fig. 5). The SFW, RFW, SDW, RDW, 
Chl a, Chl b, Chl a/b ratio, Car,  Ca2+, K, GY, NTTP, and 100 
GW were negatively correlated with SOD, POD, CAT, APX, 

MDA,  H2O2 GB, GR, GSH, GSSG, PR, and Cd. However, 
SOD, POD, PR, and GB have strong positive correlation.

Results from PCAs indicated significant variations in the 
effects of Cd and NO treatments on various wheat growth, 
physio-biochemical traits, antioxidants, minerals, and yield 
attributes (Fig. 6). The first and second Dims explained, 
respectively, 72% and 14.14 % (total 86.14 %) of the varia-
tion between treatments and varieties. Among the extracted 
components, the major contribution Dim 1 was followed by 
Dim 2. In this study SOD, POD, CAT, APX, MDA,  H2O2 
GB, GR, GSH, GSSG, PR, and Cd are negatively correlated 
with SFW, RFW, SDW, RDW, Chl a, Chl b, Chl a/b ratio, Car, 
 Ca2+, K, GY, NTTP, and 100 GW. However,  H2O2 and GB 
are closely positively correlated with CAT and APX, while 
SFW also negatively correlate with SDW, RFW, RDW, Chl a, 
Chl b, Chl a/b ratio, Car,  Ca2+, K, GY, NTTP, and 100 GW.
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Discussion

Even though it is only a trace element, Cd is extremely 
poisonous to both plants and animals. Its buildup in plant 
tissues can inhibit the growth of plants in a number of 

ways, including by interfering with photosynthesis and 
other crucial chemical processes in plants (Moradi et al. 
2019). The reduced biomass production in both wheat cul-
tivars observed in this study may be the first indication 
that plant Cd levels are high (Menon et al. 2016). Many 
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Table 1  Effect of NO applied foliarly on nutrient contents in wheat under Cd stress. Treatments applied were as follows: T0 = Control, T1 = 100 
μM NO, T2 = 150 μM NO, T3 = 0.5 mM Cd, T4 = 100 μM NO + 0.5 mM Cd, T5 = 150 μM NO + 0.5 mM Cd

Ca+2 content μM  g−1 DW K+1 content μM  g−1 DW Cd+ contents μM  g−1 DW

Galaxy 2013 Akbar 2019 Galaxy 2013 Akbar 2019 Galaxy 2013 Akbar 2019

T0 91.333 ± 0.88c 94.33 ± 0.33c 3415 ± 17.58c 3591.67 ± 6.01c 0.043 ± 0.003d 0.034 ± 0.003d

T1 117.33 ± 0.33b 120 ± 0.57b 3523.33 ± 15.91b 3608.33 ± 7.27b 0.036 ± 0.006e 0.025 ± 0.006e

T2 128.67 ± 0.66a 131.66 ± 0.33a 3743.33 ± 15.91a 3802.33 ± 7.27a 0.029 ± 0.003f 0.011 ± 0.003f

T3 60.66 ± 0.66f 73 ± 0.57f 3128.33 ± 14.83f 3201.66 ± 24.23f 1.166 ± 0.03a 0.088 ± 0.057a

T4 81 ± 0.57e 85 ± 0.57e 3218.33 ± 10.14e 3371.33 ± 14.83e 0.93 ± 0.03b 0.051 ± 0.009b

T5 86 ± 0.57d 90.33 ± 1.20d 3311.66 ± 11.68d 3438.66 ± 37.72d 0.82 ± 0.03c 0.038 ± 0.033c
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studies related to metal plant interaction are focused on 
transportation and accumulation mechanisms. Photosyn-
thesis is one of the crucial metabolic processes disturbed 
by Cd toxicity along with nutrient uptake and water rela-
tions (Cuypers et al. 2009). It is well documented that all 
these interruptions of photosynthesis occur at structural 
and functional levels and ultimately reduces plant biomass. 
The Cd stress may hinder plant development by interfer-
ing with normal physiological and molecular processes in 
plants via increased ROS production (Rizwan et al. 2019).

Additionally, our findings demonstrated the beneficial 
effects of NO foliar application, which tends to reduce Cd 
toxic effect and improves plant biomass and yield. Sev-
eral defensive mechanisms, including cell wall relaxation, 
phospholipid bilayer protection, and cell wall enlargement, 
minimize the Cd toxicity. The NO has been shown to have 
effects like those of auxin and to control plant develop-
ment (Nabaei and Amooaghaie 2019) thus increasing bio-
mass accumulation under Cd stress.

Applied Cd stress diminished chl a and chl b of both 
wheat varieties as compared to control in the present study. 
Our findings are consistent with the findings of Bahmani 
et al. (2020), who discovered that Cd toxicity suppressed 
photosynthetic pigments across different plant species. 
Reduced chlorophyll production may be caused by the 
substitution of a chlorophyll structure, which might be a 
result of massive uptake of Cd instead of Mg as they com-
pete for transport channels, and therefore lead to damage 
or functional loss of the photosynthetic mechanism (Saleh 
et al. 2020). The NO application on the other hand has 
been shown to inhibit chlorophyll-degrading enzymes and 
increase internal Mg and Fe availability, promoting chloro-
phyll synthesis and reversing chlorotic symptoms (Nabaei 
and Amooaghaie 2020). Another mechanism of Cd stress 
alleviation by NO may be maintenance of osmotic pres-
sure which in turn protects the chloroplast membrane and 
pigments.

Cd deposited into the soil and plant body induces the 
formation of reactive species, activating the plant’s defense 
mechanism. Agents of defense systems like antioxidant 
enzymes activate the plant action against the foreign body 
(Noreen et al. 2021). Rapid action by production of POD 
and CAT boosts the water formation by scavenging the 
 H2O2 molecules (Gong et al. 2019), and SOD catalyzes 
the conversion of  O2 to  H2O2 (Gupta et al. 2019). Higher 
levels of enzymes like POD and CAT are aligned with 
the studies of Pandey and Dubey (2019), which elabo-
rate the involvement of these enzymes in the endogenous 
defense system of plant. Previous reports have revealed 
that NO acts as a signal molecule which might play a role 
in upregulation of gene expression or antioxidant enzyme 
activity in the presence of abiotic stress like heavy metals. 
Moreover, since iron (Fe) plays a crucial structural and Ta
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functional role in peroxidase (POD) and catalase (CAT), 
its deficiency could potentially reduce the activities of 
these enzymes when plants are subjected to Cd stress. 
However, various studies have reported that nitric oxide 
(NO) can potentially enhance CAT and POD activity by 

improving iron accessibility in Cd-exposed wheat plants, 
as highlighted by Tang et al. (2018).

Plant oxidative damage increases when antioxidant and 
oxidant levels are out of balance. Oxidative stress might lead 
to lipid peroxidation and destruction of plant membranes, 

Fig. 5  Pearson’s correlation 
among the attributes studied. 
Abbreviated subjects are as 
follows:  H2O2 (hydrogen per-
oxide initiation), GB (glycine 
betaine), Pro (proline content), 
POD (peroxidase activity),  Ca2+ 
(calcium content),  K+ (potas-
sium content), GR (glutathione 
reductase), SOD (superoxide 
dismutase), GSH (oxidized 
glutathione content), MDA 
(malondialdehyde content), 
GSSG (reduced glutathione 
content), SF (shoot fresh 
weight), TPP (tillers  plant−1), 
GY (grain yield), Chl a (chlo-
rophyll a content), SD (shoot 
dry weight), 100 GW (100 grain 
weight), Chl b (chlorophyll b 
content), RF (root fresh weight), 
Chl a/b (chlorophyll a/b ratio), 
Car (carotenoid), APX (ascor-
bate peroxidase activity), CAT 
(catalase activity), Cd (cad-
mium content), and RD( root 
dry weight)

Fig. 6  Principal component analysis showing association among the 
studied attributes. Abbreviated subjects are as follows:  H2O2 (hydro-
gen peroxide initiation), GB (glycine betaine), Pro (proline content), 
POD (peroxidase activity),  Ca2+ (calcium content),  K+ (potassium 
content), GR (glutathione reductase), SOD (superoxide dismutase), 
GSH (oxidized glutathione content), MDA (malondialdehyde con-

tent), GSSG (reduced glutathione content), SF (shoot fresh weight), 
TPP (tillers  plant−1), GY (grain yield), Chl a (chlorophyll a content), 
SD (shoot dry weight), 100 GW (100 grain weight), Chl b (chloro-
phyll b content), RF (root fresh weight), Chl a/b (chlorophyll a/b 
ratio), Car (carotenoid), APX (ascorbate peroxidase activity), CAT 
(catalase activity), Cd (cadmium content), and RD( root dry weight)
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resulting in disturbed plant osmotic levels along with cel-
lular integrity (El-Kafafi et al. 2017). The current find-
ings indicate that elevated amounts of ROS, such as  H2O2, 
increased significantly and enhanced the amount of MDA in 
wheat cultivars. Previous studies have indicated that under 
Cd stress, several plant species, including Triticum aestivum, 
Zea mays, and Brassica napus, produced higher  H2O2 and 
MDA contents (Nazir et al. 2020).

It has been demonstrated that NO avoided membrane 
damage and lowered  H2O2 levels. It has already been dem-
onstrated that the administration of NO decreases electro-
lyte leakage in Typha angustifolia under Cd stress. The anti-
oxidant properties of NO may be to blame. In plants, free 
proline creates a non-toxic Cd-protein complex (Rady et al. 
2019). The increase of proline in the cell membrane protects 
the membrane from oxidative damage (Szepesi and Szőllősi 
2018). Exogenously applied NO increased proline levels in 
Cd-stressed plants by scavenging ROS, enrichment of energy 
source, and regulating cellular homeostasis (Aswani et al. 
2019). Different studies reported under Cd-treated plants, 
it is well documented that the GB plays a critical role in 
maintaining cellular osmoregulatory activities across a wide 
range of plant species, as demonstrated by Zaid and Moham-
mad (2018)’s study. Our research has confirmed this signifi-
cant fact. Furthermore, GB might have had contribution in 
upregulation of stress-responsive genes, along with antioxi-
dant profile leading to the reduction of reactive oxygen spe-
cies (ROS), and the conservation of protein conformations 
(Ahmad et al. 2021). The foliar application of nitrogen oxide 
(NO) brought about alterations in Golgi apparatus (GB) 
content through the modulation of transcriptional processes 
involving betaine aldehyde dehydrogenase (BADH) genes, 
as elucidated by. The surge in GB production triggered by 
NO application amidst the backdrop of Cd-induced stress 
appears to be correlated with heightened levels of expression 
of BADH genes.

Cd stress has been revealed to reduce the levels of criti-
cal nutrients such as calcium  (Ca2+) and potassium  (K+) in 
various plant species, according to the results of. The drop 
in concentrations of these essential elements caused by Cd-
induced stress might be related to competition at adsorption 
sites and transporters, particularly those with comparable 
charge and size, as postulated by Yang et al. (2018). Accord-
ing to our findings, exogenous application of NO may reduce 
heavy metal toxicity by increasing cytosolic  Ca2+ and  K+ 
concentrations via regulating  Ca2+ and  K+ channels and 
transporters that may be implicated in the signaling cascade 
that governs gene expression as reported by Xu et al. (2010).

The Cd concentrations in wheat stressed plants were 
higher in this study, most likely due to complex formation 
of metal ions with sulfur ligands in root cells (Anwar et al. 
2019). It was discovered that applying NO causes changes in 
soil properties, which cause reduction in mobility and uptake 

of toxic metallic ions (Fan et al. 2016). In previous inves-
tigations, it is reported that MTs (metallothioneins: basi-
cally, cysteine-rich metal-binding proteins) form chelates 
by binding with heavy metals through sulfhydryl groups. 
This leads to reduced metallic toxicity in soil. Wang et al. 
(2010) has reported exogenously NO application involve-
ment in improving Cd resistance by increasing the MTs in 
soil exposed to Cd toxicity.

Plants have GR in their chloroplasts, cytoplasm, and 
mitochondria, which are involved in the ascorbate-glu-
tathione cycle involved in  H2O2 breakdown. In the present 
study, wheat leaves showed the maximum specific activity of 
GR, GSH, and GSSG in our experiment. The GR is a flavor 
enzyme that catalyzes the reduction of GSSG to GSH in 
the presence of NADPH. This reaction is necessary for the 
ascorbate-glutathione cycle to work properly and for cells to 
maintain a correct GSH/GSSG concentration ratio (Li et al. 
2013). Recently, Xu et al. (2010) revealed that exogenous 
application of NO stimulates γ-ecs and gshs gene expression, 
which controls GSH production under stress, and it may be 
the same in our case, but variations in level are due to differ-
ence in genetic makeup of the varieties under investigation.

The Cd stress resulted in a significant reduction in differ-
ent yield parameters such as grain yield, along with number 
of tillers (plant −1) in both wheat varieties under study. The 
decrease in yield is caused by a decrease in plant biomass 
production because of metabolic changes in biochemical and 
physiological processes (Hussain et al. 2015). Foliar applica-
tion of NO exhibited to supplement plant growth and bio-
mass production, resulting in increased yield characteristics 
as reported in previous studies (Azizi et al. 2021).

Conclusions

This research delineates the beneficial function of nitric 
oxide (NO) signaling ameliorating the impact of metal stress 
in plants. Cd stress has more damaging effects on Galaxy 
2013 than Akbar 2019. The reason behind this difference 
in varietal response may be due to the difference in the 
genetic makeup of the said wheat cultivars. Our research 
revealed that the use of NO reduced the toxicity of Cd and 
improved plant development and yield as a result of an 
improved antioxidant profile, decreased metal accumula-
tion, and metallic ion chelation. All of this leads to immo-
bilization, decreased absorption from roots to shoots, and 
ultimately improved photosynthesis and plant development. 
Results revealed the reduced lipid peroxidation was due to 
enhanced antioxidant profile of plants under application of 
NO. It was found that the exogenous application of 150 μM 
NO is more effective than 100 μM for amelioration of Cd 
toxicity in commonly grown wheat cultivars under investi-
gation. However, the need exists to execute future studies 
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by involving different plant/crop species to understand the 
cross talk between NO and other molecular components. We 
conclude that improved plant protection, metabolism, signal-
ing, and reduced Cd uptake in wheat are due to exogenous 
NO application.
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