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Abstract

Sunflower (Helianthus annuus L.) is a type of annual plant that belongs to the Asteraceae family. 
However, various kinds of abiotic stresses, especially metal toxicity (Cd), substantially reduce its 
growth. The frequent release of mine and industrial wastewater as well as the overuse of chemical 
fertilizers are the main causes of this hazardous metal’s rising proliferation. At the same time, even 
though plants have a robust defense against Cd toxicity, they are unable to combat greater levels of 
the metal’s toxicity. Meanwhile, it has been demonstrated that applying zinc can significantly reduce 
the hazardous effects of cadmium. Therefore, the present experiment aimed to investigate the 
positive impacts of Zn application (0, 50, and 100 ppm) on the sunflower variety “FH-516” to combat  
Cd stress as an eco-friendly approach. Heavy metal (Cd) toxicity curtailed the root length, shoot length, 
leaf area, chlorophyll a/b ratio, 100-seed weight, and biological yield up to 32.03%, 27.03%, 26.1%, 
31.33%, 34.46%, and 22.37%, respectively. Exogenous application of zinc significantly improved  
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Introduction

The unusual shift in the natural environmental 
conditions because of growing population, elevated air 
and soil contamination, ecosystem toxicity from heavy 
metals, exhaustion of soil attributes, and worldwide 
climate variability has substantially influenced the 
potential of plants to respond to evolving climatic 
circumstances [1]. These alterations make agro-
productivity systems vulnerable to fluctuating ecological 
conditions. Such hostile climatic events can cause harm 
to the physiological processes that plants undergo, 
known as stresses [2]. Environmental perturbations that 
limit plant development and agricultural  productivity 
beneath the threshold point are known as abiotic stresses. 
These include extreme temperatures, metallic toxicities, 
water scarcity, soil salinity, and nutrient imbalance.

Cadmium is recognized as one of the most hazardous 
metal components in polluted agricultural lands due 
to its extensive contamination, considerable mobility, 
and extreme toxicity  to human beings, livestock, and 
economic crops [3]. Both acute and long-term disclosure 
to Cd can lead to serious consequences, such as serious 
impairment and suppression of plant physiological 
activities, excessive production of nitrogen species and 
reactive oxygen species within cells that could also 
serve as harmful substances regulating an oxidative/
nitrosative burst that can lead to an intensified process 
of senescence in plants, stunted growth, and ultimately 
plant decease [4]. Cd causes oxidative damage at the 
cellular level by serving to supply electrons to molecular 
oxygen, which in turn stimulates the formation of 
detrimental reactive oxygen species (ROS) [5]. Plants 
use an array of defense mechanisms to avert Cd toxicity, 
such as metal phytochelatin and retention, as well as 
the activation of ROS neutralization and combating 
systems involving both antioxidants (enzymatic and 
non-enzymatic) [6].

Sunflower (Helianthus annuus  L.), an annual plant 
species, can accrue significant levels of U and Cd 
within its tissues [7]. One of its main contributions as 
an industrial product is its dry biomass. It has important 
agronomic traits like soil variability and resilience to 
intense climate variability [8]. Its sensory, nourishing, 

and functional qualities make it a highly desirable 
protein source for the ingestion of humans [9]. The 
sunflower is recognized as a crucial plant species for 
use in phytotechnology due to the fact that it has a 
significant capacity for tolerance among heavy metals 
[10]. Previous research has shown that arsenic (As) and 
cadmium (Cd) drastically decrease the seed germination 
rate. Its capability to transport heavy metals from 
beneath the soil into the consuming parts of plants 
through the roots is quite promising [11]. Zinc (Zn) is an 
essential component of several kinds of enzymes, and it 
plays an integral part in the functioning role of enzymes 
to control a variety of cellular functions [12]. In addition 
to having more similarities with cadmium, zinc, which 
is a divalent ion, may compete with cadmium for 
binding sites in the soil and on the root surface, which 
may affect the translocation of cadmium in plants [13]. 
Zn application may reduce the Cd absorption from soil 
and perform a vital function in mitigating the noxious 
effects of Cd in plants by modulating a number of 
potential mechanisms, like minimizing the impact of 
restricted plant growth and regulating the process of Cd 
absorption and its relocation. However, these are only 
the basic effects of zinc application  under cadmium 
stress. Furthermore, zinc application resulted in 
improved plant nutrient status, enhanced photosynthetic 
rate, activated antioxidant defense mechanisms, and 
lowered production of ROS, and at the same time also 
proved to be an effective strategy to reduce the harmful 
effects caused by cadmium on plants [14]. 

The objective of the present research was to find out 
how zinc application impacted the morpho-physiological 
and biological attributes of sunflowers under contexts of 
cadmium stress and contamination. The present study 
will assess the positive effects of zinc application on  
the overall botany of sunflower plants.

Experimental  

The existing experiment was carried out in a pot at 
the University of Agriculture Faisalabad, postgraduate 
agriculture research station (Latitude: 31.383230648, 
Longitude: 72.9948305931) during the summer season 

the Cd-induced losses and increased the root length (37.9%), shoot length (48.4%), leaf area (56.2%), 
chlorophyll a/b ratio (65.64%), 100-seed weight (66.98%), and biological yield (74.04%). Mineral 
ions, e.g., Na+, of root and shoot (61.02% and 29.42%) increased under Cd stress, whereas K+ and 
Ca2+ decreased due to Cd toxicity in both root and shoot. Generally, the application of zinc improved  
the polyphenolic compounds and ion contents of plants under stressed conditions. At the same time,  
the application of Zn (100 ppm level as compared to 50) substantially increased the flavonoid contents 
up to 92.92% as compared to anthocyanin contents of 52.11% in Cd-stressed plants. Current findings 
reveal that using zinc could be an effective strategy against abiotic stresses and could be suggested for 
the decontamination of mild to moderately contaminated soils containing Cd.

Keywords: zinc application, cadmium stress, plant growth, polyphenolic compounds, photosynthetic 
potential



Ameliorative Effect of Exogenously Applied Zinc... 3

of 2021 in order to investigate the possible role of zinc in 
alleviating Cd stress in sunflower. A sunflower variety 
“FH-516” was obtained from the Ayub agriculture 
research station and sown in a pot (having dimensions 
25 cm × 22 cm × 20 cm) containing an 8 kg clay soil 
mixture. A total of 27 pots were taken for an experiment 
that was organized in accordance with a two-factorial 
experimental layout and three replications under  
a completely randomized design. In each pot, 10 healthy 
seeds were sown up to 2 cm depth. One day before 
sowing, irrigation was done with tap water. These pots 
were 2-holed at the lower side (covered with muslin cloth) 
to prevent the accumulation of excess water. Regular 
watering was maintained, and one week after seeding, 
thinning was performed by maintaining four plants in 
every pot for further inspection. A very small quantity 
of urea was applied before the thinning of seedlings 
for better crop growth. Three levels of cadmium (0, 
40, and 80 ppm) and three levels of zinc (0, 50, and 
100 ppm) were used in this experiment, and the source 
of Cd and Zn was cadmium nitrate and zinc sulfate, 
respectively. These were taken from the laboratory of 
the Botany Department UAF-community college PARS 
in a required amount, and solutions were made in one-
liter distilled water and applied exogenously to specific 
plants after 25 days of germination.

Morphological Parameters

After three weeks of supplying treatments, two 
plants were harvested from every pot. Plants were 
carefully uprooted and cleansed using ordinary tap 
water. Measurements were taken for morphological, 
biochemical, and yield attributes. 

The fresh weight of the root and shoot samples was 
recorded immediately in a laboratory using a weighing 
scale. After that, the samples were stored in an oven 
at a temperature between 65 and 70ºC for a period of 
two weeks in order to investigate the dry weight of the 
root and shoot samples. The root length, leaf length, and 
shoot length of each plant were recorded on a measuring 
scale, and the leaf area of each plant was measured using 
a leaf area meter. 

Chlorophyll Contents

For the purpose of determining chlorophyll 
a, chlorophyll b, the a/b ratio, and carotenoids, 
the technique developed by Arnon was used [15]. 
Chlorophyll a, chlorophyll b, and carotenoids were 
assessed by measuring the absorbance of 0.1 grams 
of fresh leaf sample that was put in 80% acetone.  
The absorbance was measured at 663, 645, and 480 nm, 
respectively. 

The following formulae were used to calculate the 
chlorophyll content quantitatively;

	 Chl. a (mg/g F. wt.) = [12.7 (OD663)  
	 – 2.69 (OD645)]* V/1000*W 	 (1)

	 Chl. b (mg/g F. wt.) = [22.9 (OD645)  
	 – 4.68 (OD663)]* V/1000*W 	 (2)

	 Carotenoids (mg/g F.wt.) = Acar/Em-100 	 (3)

Acar = OD480 + 0.114 (OD 663) - 0.638 (OD 645)
Em = 2500
V = Volume of the extract (ml)
W = Weight of fresh leaf tissue (g)

Flavonoids

For determining flavonoids using the method 
proposed by Chang [16], 0.1 grams of fresh leaf material 
was taken and homogenized with 2 milliliters of  
a solution containing 80 percent acetone. Following 
this, 4 milliliters of distilled water were added to  
1 milliliter of extracted material, and at 510 nanometers, 
the material absorbance was measured by using  
a spectrophotometer. 

Anthocyanin

To determine the anthocyanin content of sunflower 
leaf material, using the Strack and Wray method [17], 
fresh leaf material weighing 0.1 grams was ground using 
1 milliliter of acidic methanol. Afterward, the mixture 
was heated up to a temperature of 50 degrees Celsius for 
one hour, and then it was filtered. A spectrophotometer 
was used at a wavelength of 535 nm to determine  
the absorbance of the substance.

Ions (Na+, Ca2+, K+) Determination

For digestion of dry samples, freshly prepared nitric 
acid (HNO3) and hydrochloric acid (HCl) together form 
a combination with a ratio of 3:1 (aqua regia) was used. 
For two hours, 1 gram of plant root and shoot samples 
were heated with 2 ml of aqua regia in a crucible at the 
flame, till all plant material was completely digested 
and black ash was obtained. After that, the ash was 
ground up into a high-quality powder and mixed with  
a 10% solution of nitric acid. After one hour, this sample 
solution was filtered and stored in airtight sampling 
bottles for the determination of Na+, K+, and Ca2+ of the 
root and shoot, according to the Vázquez method [18].

Seed Oil Contents (%)

Following the ginning, seed samples of 
sunflower  plants were treated with acid and then dried 
for 24 hours at 40ºC in the oven. The seed husk was 
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gently crushed using a nutcracker. The oil content of 
the embryo was then determined by Soxhlet extraction 
[19]. It can be inaccurate to describe the composition of 
sunflower seeds using percentages, particularly when 
the weight of the seeds varies. As a result, the embryo 
oil index was calculated to express composition based 
on weight rather than percentages. The oil content of the 
embryo was quantified both as a percentage of its weight 
(referred to as embryo oil percentage, EO%) and as a 
weight in milligrams (known as embryo oil index, EOI).

	 Embryo oil index (weight of oil in 100 embryos)  
	 = embryo oil % × acid-delinted, seed index/100

Protein Contents

Proteins were estimated by using the Brad Ford 
method [20]. After grinding the sample, 0.2 grams 
of phosphate buffer with a pH of 7 were added to 
10 milliliters of the solution. Afterward, the extract 
was filtered. Test tubes were filled with 1 milliliter of 
the plant sample and 1 milliliter of the extract. After 
allowing the test tubes to be kept at room temperature 
for half an hour, 0.5 milliliters of the Folin reagent were 
added. Again, they were kept at room temperature, and 
5 mL of distilled water was added. Measurement of 
absorbance was performed at a wavelength of 620 nm. 
A blank was prepared by taking 1 mL of Buffer and  
2 mL of Bradford.

Yield Attribute 

The number of seeds of each flower was calculated 
through a simple counting method, and mean 
values were calculated, respectively. The weight of  
100 completely grown seeds was measured using  
a weighing scale, and the average results were 
determined. The harvest index was calculated by 
computing the ratio of grain yield divided by total 
biomass at the time of final harvest.

The calculation was performed using the formula 
shown below.

	Harvest index (%) = grain yield ÷ biological yield  
	 × 100 	 (4)

The sum of grain and straw yields was used to 
calculate biological yield.

Biological yield (g) = grain yield + straw yield was 
calculated using the formula biological 

	 yield (g) = grain yield + straw yield 	 (5)

Determination of Leaf Cd Content

Following the washing process with deionized 
water, the leaf samples were subjected to drying  
in an oven at a temperature of 105ºC for a duration of 
30 minutes. Subsequently, the samples were incubated 
at a temperature of 75ºC until a stable weight was 
achieved and maintained. The ground sample weighing 
0.250 g was subjected to microwave digestion using a 
CEM MARS5 instrument (United States). The digestion 
process lasted for 30 minutes at a temperature of 180ºC, 
using 8 mL of HNO3. Afterward, the concentration of 
Cd in the leaves was quantified by ICP-MS (Agilent 
ICP-MS 7700ce, Agilent Technologies, Santa Clara, CA, 
United States).

Determination of Leaf Zn Content

Parts of the plant that were above ground, including 
the leaves, were taken from every treated plant and dried 
for three days in the sun and air. After that, they were 
dried in an oven at 60ºC for seventy-two hours and then 
crushed to pass  via a 1 mm mesh. A cylindrical cup, 
holding 1 gram of the sample that had been dried in the 
oven, was put inside a muffle burner made of carbolite 
(AAF1100). The cup was heated to a temperature  
of 300ºC for a duration of one hour, resulting in the 
production of ash. The sample was cooled, and then the 
temperature was increased to 550ºC for 8 to 9 hours. 
After the addition of 2 milliliters of concentrated 
hydrochloric acid and an adequate amount of water, the 
sample was left to evaporate in the combustion chamber 
for a duration of 15 to 20 minutes on a heated surface. 
After cooling down again, ten milliliters of 20% 
hydrogen nitrate were added to the sample, which was 
then left in the water bath with the closed furnace lid 
for one hour. The sample was first thoroughly sanitized 
and filled up to a 100 mL capacity before it was filtered 
by using Whatman filter paper No. 2 into a volumetric 
flask. Subsequently, an ordinary solution was formed. 
In order to determine the amount of zinc present in the 
combination, an ICP-Optical Emission Spectrometer 
(Perkin Elmer, Optima 8300, produced by PerkinElmer 
Corporation in Norwalk, United States of America) was 
used.

Statistical Data Processing and Analysis

The present experiment was designed with three 
replications using the CRD statistical design. Statistix 
8.1 software was used to perform a two-factor analysis 
of variance, and Tukey’s test was employed for 
comparing the means at the P≤0.05 level of significance.  
The Pearson correlation coefficient was determined 
using the statistical software Origin Pro 2022, and 
Microsoft Excel (Version Office 365) was used to 
construct the graphics of the obtained data.
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The data collected for flavonoids and anthocyanin 
showed that Cd stress significantly played a role in 
the overall reduction of plant phenolic contents. In the 
present study, flavonoids and anthocyanin contents 
were reduced by 16.37% and 18.37%, respectively, 
under the influence of Cd stress at an 80 ppm level  
(Fig. 2). However, the current investigation demonstrated 
considerable impacts of Cd toxicity on plants, which 
ultimately becomes the major constraint towards the self-
defensive system of sunflowers against abiotic stresses. 
At the same time, application of Zn (100 ppm level as 
compared to 50) substantially increased the flavonoid 
contents up to 92.92% as compared to anthocyanin 
contents 52.11% in Cd-stressed plants (Fig. 2. E, F).  
The maximum increase in phenolic contents was 
recorded in non-stressed plants (Table 1). The interactive 
effect of Zn and Cd was noted to be non-significant. 

Mineral Ions Content

The concentrations of various ions changed 
considerably under Cd toxicity. The Na+ ion 
concentration increased greatly in roots (61.02%) at 80 
ppm Cd stress (Fig. 3. A), but the Na+ ion concentration 
in shoots was increased up to 29.42% under Cd stress 
(Fig. 3. B). However, the concentrations of root and 
shoot K+ and Ca2+ showed more reduction due to Cd 
stress. The root K+ revealed less reduction (35.72%) as 
compared to shoot K+ (43.87%) at 80 ppm Cd stress. 
The concentration of Ca2+ ions in roots showed more 
reduction (36.01%) as compared to shoot (26.98%) due 
to Cd stress at 80 ppm. Additionally, the exogenous 
application of Zn (100 ppm) showed significant results in 
terms of increased concentrations of root and shoot Na+, 

K+, and Ca2+ up to 22.25%, 91.12%, 103.92%, 45.72%, 
68.07%, and 55.86%, respectively (Fig. 3. and Table 1). 
The combined effects of Zn and Cd were recorded as 
non-significant in the present study.

Yield Attributes

Cd stress and its interaction with plant yield attributes 
showed a significant trend at 40 and 80 ppm levels (Fig. 4). 
Recorded data for biological yield, harvesting index, 
number of seeds, 100-seed weight, oil contents, and 
protein contents revealed a decrease of 22.37%, 25.55%, 
28.97%, 34.46%, 39.11%, and 42.84%, respectively, due 
to Cd stress at 80 ppm (Fig. 4. A-F). In the present study, 
the application of Zn as a growth promoter micronutrient 
for sunflowers showed maximum effects to mitigate Cd 
toxicity. With the application of Zn (100 ppm level), 
there was a substantial increase in yield parameters such 
as biological yield, harvesting index, number of seeds, 
100-seed weight, oil contents, and protein contents up to 
74.04%, 65.76%, 51.46%, 66.98%, 86.12%, and 104.37%, 
respectively (Fig. 4. A-F and Table 1). In conclusion, 
no significant interaction impact was seen between the 
stress caused by Cd and the administration of Zn.

Results

Morphological Parameters

Statistical analysis revealed that a significant 
effect of Zn under cadmium stress for morphological 
attributes, i.e., shoot fresh weight, root fresh weight, 
shoot dry weight, root dry weight, root length, shoot 
length, leaf length, and leaf area. Cadmium stress 
causes significant reductions in all morphological 
attributes of sunflowers. The morphological attributes 
of sunflower were considerably affected by cadmium 
stress at 80 ppm level as compared to 40 ppm (Fig. 1).  
The most significant reduction of morphological 
features was observed  at non-zinc treatments. Shoot 
fresh weight, shoot dry weight, and root fresh weight 
showed more reduction under Cd stress (47.6%, 45.68%, 
and 39.14%), respectively, in comparison with control  
(Fig. 1. C, D, A). Whereas root length, root dry 
weight, shoot length, leaf length, and leaf area showed 
less reductions (Fig. 1. H, B, G, F, and E) under Cd 
stress (32.03%, 25.9%, 27.03%, 26.5%, and 26.1%), 
respectively, in comparison with treatments. However, 
the application of Zn (100 ppm) played a crucial role  
in mitigating Cd stress, which significantly increases  
the shoot fresh weight, shoot dry weight, root fresh 
weight, root dry weight, shoot length, leaf length, 
root length, and leaf area up to (77.2%, 77.3%, 70.7%, 
62.8%, 48.4%, 36.2%, 37.9%, and 56.2%), respectively  
(Fig. 1 and Table 1). However, the overall interaction 
between all factors Zinc×Cd was statistically non-
significant.

Photosynthetic Pigments and Phenolic  
Compounds

The acquired data for photosynthetic pigments 
showed a significant effect of Cd stress, which reduces 
the overall efficiency of the photosynthesis process.  
The higher level of Cd toxicity (80 ppm) reduced the 
Chl. a content (32.72%) (Fig. 2. A). Other photosynthetic 
pigments, e.g., Chl. b, Chl. ratio a to b, and carotenoids 
also showed maximum reduction under Cd stress up 
to 30.71%, 31.33%, and 23.15% as compared to non-
stressed plants (Fig. 2. B, C, D). A significant effect 
of Zn application was recorded in the present study, 
which increased the Chl. a and carotenoids contents 
greatly by 85.28% and 84.88%, respectively. However, 
the application of Zn (100 ppm level as compared to 
50) minimized the Cd-induced reduction. A significant 
increase of 53.82% and 65.64% was noticed for Chl. b 
and Chl. ratio a to b subsequently (Fig. 2). In short, there 
was no significant interaction seen between the stress 
caused by Cd and the administration of Zn. As the level 
of Cd toxicity increased from 40 ppm to 80 ppm, there 
was a reduction in photosynthetic pigments. Similarly, 
the higher level of Zn (100 ppm) application also 
enhanced the photosynthetic efficiency of sunflowers at 
the same rate (Table 1).
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Cd Contents in Leaf

The content of Cd in sunflower leaves exhibited 
considerable variations across several treatments  
of Cd-contaminated soil, e.g., 0 ppm, 40 ppm, and 
80 ppm. At 0 ppm soil Cd control treatment, the Cd2+ 
concentration in leaves was maximum recorded up to 
7 µg g-1 due to already present some Cd concentration 
in soil. With an increase in the concentration of soil Cd 
treatment, there was a significant rise in the Cd content 
in the leaves (Fig. 5. A).

Zn Contents in Leaf

Application of Zn at different levels, e.g., 50 ppm 
and 100 ppm, increased the Zn2+ concentration in leaves 
of sunflower plants under Cd toxicity, which improves 
the overall growth attributes of Cd-stressed plants.  
The maximum recorded concentration of Zn2+ in leaves 
of sunflower at 50 ppm and 100 ppm Zn application 
ranged from 21 to 32 mg/kg. At Zn control application, 
5 mg/kg Zn2+ concentration was also recorded in leaves 
due to already present Zn in soil (Fig. 5. B).

Fig. 1. Root fresh weight (A), Root dry weight (B), Shoot fresh weight (C), Shoot dry weight (D), Leaf area (E), Leaf length (F), Shoot 
length (G), Root length (H) of sunflower plant exogenously applied Zn with different levels as a growth promoter under Cd stress 
conditions. Significant differences among row spacing were measured by the least significant difference (LSD) at p>0.05 and indicated 
by different letters.
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Correlation and Polar Heatmap Analysis

Pearson’s correlation study revealed a strong 
association between the morphological, photosynthetic, 
phenolic contents, mineral ions, and biological yield 
attributes of sunflowers. Various parameters, including 
root fresh weight, root dry weight, shoot fresh weight, 
shoot dry weight, shoot length, root length, leaf length, 
leaf area, anthocyanin, Chl. a, Chl. b, Chl. ratio a to b, 
and carotenoids, showed a strong positive correlation 
with the majority of indicators (Fig. 6). On the other 
hand, root Na+, shoot Na+, leaf Cd+2 uptake, and leaf Zn+2 

uptake revealed a negative correlation with most indices. 
Shoot K+, root K+, shoot Ca+2, root Ca+2, flavonoids, 
biological yield, harvesting index, number of seeds, 
100-seed weight, oil contents, and protein contents did 
not show considerable correlations with most indexes 
(Fig. 6).

The results for all assessed characteristics of 
sunflowers in the nine treatments were shown in a polar 
heat map along with a dendrogram, facilitating basic 
comparisons of the effects of the treatments on the 
desired plant attributes. The findings revealed that nine 
therapies may be categorized into four main categories. 

Fig. 2. Chlo. a (A), Chlo. b (B), Chlo. a/b (C), carotenoids (D), flavonoids (E), anthocyanin (F) of sunflower plant exogenously applied 
Zn with different levels as a growth promoter under Cd stress conditions. Significant differences among row spacing were measured by 
the least significant difference (LSD) at p>0.05 and indicated by different letters.
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Zn 50/Cd 80 ppm and Zn 0/Cd 80 ppm are clustered 
together; Zn 100/Cd 80 ppm, Zn 50/Cd 40 ppm, and 
Zn 0/Cd 40 ppm are clustered together; Zn 100/Cd 40 
ppm, Zn 100/Cd 0 ppm are clustered together; and Zn 
50/Cd 0 ppm and Zn 0/Cd 0 ppm are clustered together. 
Polar heatmap with dendrogram overall indicating high 
measured values for leaf area, medium measured values 
for number of seeds, and low measured values for all 
other growth, photosynthetic, phenolic contents, mineral 
ions uptake, and biological yield attributes of sunflower 
(Fig. 6).

Discussion

Plant growth is restricted, and plant production is 
negatively impacted by abiotic factors such as heat, salt, 
drought, and heavy metal stress, particularly cadmium 
[21]. The results of this experiment confirm our 
hypothesis that the use of Zn substantially ameliorates 
the morphological, photosynthetic, and yield attributes 
along with the phenolic and mineral ion contents of 
sunflowers under cadmium stress. Due to the negative 
effects of Cd strain, SFW, SDW, SL, RFW, RDW, RL, 

Fig. 3. Root Na+ (A), Shoot Na+ (B), Root K+ (C), Shoot K+ (D), Root Ca2+ (E), Shoot Ca2+ (F) of sunflower plant exogenously applied 
Zn with different levels as a growth promoter under Cd stress conditions. Significant differences among row spacing were measured by 
the least significant difference (LSD) at p>0.05 and indicated by different letters.
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LA, and LL significantly decreased in contrast to the 
control treatments (Fig. 1). These drops in morphological 
attributes of sunflower were due to the harmful and 
toxic effects of Cd stress because Cd causes oxidative 
and ultrastructures damages, nutrient imbalance, and 
localization inside the subcellular space of plants [22]. 
In the current investigation, the application of Zn 
(100 ppm as compared to 50 ppm) shows a substantial 
function in mitigating Cd stress. The positive role of 
exogenous application of Zn was also previously studied 
by Rizwan [23]. The ameliorated proliferation of plants 
in terms of morphological attributes like SFW (77.2%), 

SDW (77.3%), SL (48.4%), RFW (70.7%), RDW (62.8%), 
RL (37.9%), leaf area (56.2%), and leaf length (36.2%), 
respectively, were due to the application of Zn because 
it promotes cell division and elongation [24]. Auxin 
biosynthesis is improved with the usage of zinc, which 
is one of the insights given for the increases in plant 
dry and fresh weights [25]. In terms of the degradation 
of physiological and biochemical processes, excessive 
levels of cadmium stress (80 ppm as compared to 40 
ppm) have a detrimental impact on the reduction of 
plant development, which ultimately causes damage to 
the defensive system of the plant. Plants can produce 

Fig. 4. Biological yield (A), Harvesting index (B), Number of seeds (C), 100-seeds weight (D), Oil contents (E), Protein contents (F) of 
sunflower plant exogenously applied Zn with different levels as a growth promoter under Cd stress conditions. Significant differences 
among row spacing were measured by the least significant difference (LSD) at p>0.05 and indicated by different letters.
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phenolic substances as a defensive strategy in order 
to mitigate the detrimental effects that metal stress 
puts on the surface of the cell which can lead to 
oxidative damages such as membrane damage and 
cell death [26]. In the present trial, Cd stress triggered 
a significant reduction in polyphenolic compounds 
of plants such as flavonoids and anthocyanin up to 
16.37% and 18.37%. As a consequence of this, plants 
become more vulnerable to the harm that is brought 
about by abiotic stressors. However, the application 
of zinc played an antagonistic role against Cd stress 
and improved the plant polyphenolic compounds, e.g., 
flavonoids (92.92%) and anthocyanin (52.11%). Plants 
are protected from oxidative stress by the synthesis of 
polyphenolic chemicals, which have the ability to reduce 
the generation of free radicals and may function as 
antioxidants for metal ions [27].

The outcomes of the experiment that was being 
conducted revealed that yield attributes of sunflowers, 
such as biological yield, harvesting index, no. of seeds, 
100-seed weight, oil contents, and protein contents, 
were decreased up to 22.37%, 25.55%, 28.97%, 34.46%, 
39.11%, and 42.84%, respectively, due to the application 
of 80 ppm Cd stress. Marques [28] also illustrated 
that cadmium contamination has greatly reduced 
the accumulation of biomass in sunflower plants. 
Exposure to cadmium leads to the suppression of plant 
development due to its harmful effects, which also affect 
the regulatory functions of important metabolic enzymes 
and stimulate leaf necrosis [29]. As a result, the yield 
of overall plants is reduced considerably. However, the 

application of zinc in plants has been proven effective 
in enhanced accumulation of their dry matter and 
protein contents as well as their total agricultural yield 
since it is essential for the formation of proteins and 
the breakdown of carbohydrates [30]. In our research 
trial, results revealed that exogenous applied Zn (100 
ppm) significantly enhanced the yield attributes, e.g., 
biological yield (74.04%), harvesting index (65.76%), no. 
of seeds (51.46%), 100-seed weight (66.98%), oil contents 
(86.12%), and protein contents (104.37%) of sunflowers. 
The chlorophyll concentration, e.g., Chl. a (32.72%), Chl. 
b (30.71%), Chl. ratio a to b (31.33%), and carotenoids 
(23.15%), significantly reduced due to the toxic effects 
of Cd in contrast to control treatments. A decrease 
in the content of photosynthetic pigments has been 
observed as a frequent indication of toxicity to metals 
in several plant species [31]. Haseeb and Maqbool [32] 
studied that reduction in light-absorbing components of 
photosynthesis machinery (Chlorophyll a, b, ratio a to b, 
and carotenoids) was observed in sunflower plants due to 
noxious effects of abiotic stresses. According to studies 
by Vijayaragavan [33] and Touiserkani and Haddad [34], 
cadmium decreased the concentration of chlorophyll by 
either causing the Mg ion to be removed from its binding 
site  in chlorophyll (which led to the deterioration of 
the chlorophyll molecule) or by hindering the activity 
of enzymes involved in the production of chlorophyll, 
such as protochlorophyllide reductase, porphobilinogen 
deaminase, and aminolevulinic dehydratase, which 
led to a shortage of Fe2+ and Mg2+, which in turn 
caused carbonic anhydrase activity to be inhibited due 

Source DF LA LL RDW RFW RL SDW SFW SL

Cd 2 52982*** 9.68*** 0.32*** 2.80*** 16.82*** 31.73*** 100.09*** 491.06***      

Zn 2 124111*** 9.10*** 0.86*** 2.98*** 10.02*** 29.20*** 80.87*** 802.50***      

Cd*Zn 4 548ns 0.04446ns 0.00435ns 0.06926ns 0.1003ns 0.1918ns 0.361ns 10.658ns        

Source DF Chl. a Chl b. Chl. ratio a to b Carotenoids Anthocyanin Flavonoids – –

Cd 2 0.51*** 0.21*** 0.68*** 0.01*** 0.02*** 0.004*** – –

Zn 2 1.64*** 0.31*** 1.89*** 0.06*** 0.10*** 0.09*** – –

Cd*Zn 4 0.01ns 0.00083ns 0.02ns 0.0003ns 0.0005ns 0.00003ns – –

Source DF Root Ca+2 Root Na+ Shoot Ca+2 Shoot Na+ Root K+          Shoot K+ – –

Cd 2 0.70*** 20.75*** 10.41*** 117.76*** 8.26*** 78.36***   – –

Zn 2 3.11*** 3.33*** 20.49*** 202.77*** 19.64*** 60.43*** – –

Cd*Zn 4 0.02ns 0.06ns 0.12ns 3.17ns 0.20** 0.66ns     – –

Source DF BY HI Oil C Pro. C No. of seeds 100-seeds 
weight  

– –

Cd 2 239.37*** 492.80*** 672.44*** 148.73*** 9508.26*** 7.033***   – –

Zn 2 33.49*** 102.13*** 378.40*** 74.99*** 5880.15*** 3.85***    – –

Cd*Zn 4 0.51ns 3.64ns 4.26ns 0.42ns 13.81ns 0.03ns    – –

*, **, ***, and ns represents low significant, moderately significant, highly significant, and non-significant respectively.

Table 1. Mean values of morpho-physiological, biochemical, and biological yield attributes of sunflower under cadmium stress.
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to Zn2+ limited supply [35]. However, in the present 
trial application of zinc enhanced the photosynthetic 
capacity of sunflowers up to 85.28%, 53.82%, 65.64%, 
and 84.88% were noticed for Chl. a, Chl. b, Chl. ratio 
a to b, and carotenoids subsequently under Cd stress. 
Wu [36] demonstrated that the use of Zn’s  impact 
on photosynthesis’s enzyme activity might be the 
cause of improving photosynthetic attributes, as foliar 
treatments may enhance the associated zinc enzyme 
[37]. Previous studies have shown that the combination 
of amino acids and microelements enhances the rate of 

photosynthesis in plants when applied independently 
or in response to external environmental stressors [38, 
39]. Research has also shown that the reduced toxicity 
of Cd in wheat plants or the enhanced presence of zinc 
as a plant microelement might be a significant factor 
contributing to the increase in photosynthetic indices. 
The concentration of Na+ increased in both shoot and 
root while the concentrations of Ca2+ and K+ decreased 
due to Cd stress. Kosakivska [40] explained that Cd 
inhibits nitrate reductase, reducing the transport and 
intake of nitrate and interfering with the absorption 

Fig. 6. Pearson’s correlation matrixes constructed (On Left Side) for morphological, photosynthetic, phenolic contents, mineral ions 
uptake, and biological yield attributes of sunflower under Cd stress. *Significant at p≤0.05%; **Significant at p≤0.01%; ***Significant 
at p≤0.001%. Polar heatmap analysis between various attributes of sunflower (On Right Side) showed the impact of Zn application 
under Cd stress on morphological, photosynthetic, phenolic contents, mineral ions uptake, and biological yield attributes of sunflower;  
Zn:0/ Cd:0, Zn:50 ppm/ Cd:0, Zn:100 ppm/ Cd:0; Zn:0/ Cd:40 ppm, Zn:50/ Cd:40 ppm, Zn:100/ Cd:40 ppm; Zn:0/ Cd:80 ppm,  
Zn:50/ Cd:80 ppm, Zn:100/ Cd:80 ppm.

Fig. 5. Cd+2 uptake in leaf (A), Zn+2 uptake in leaf (B) of sunflower plant exogenously applied Zn with different levels as a growth 
promoter and Cd+2 as an abiotic stress also applied with different levels. Zn+2 and Cd+2 uptake increases as their level of application 
increases. Significant differences among row spacing were measured by the least significant difference (LSD) at p>0.05 and indicated 
by different letters.
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of Ca, P, K, Mg, and water. Metal transporters enable 
the transportation of inorganic minerals to and from 
vascular bundles during the loading and unloading 
process. Increased levels of Cd will lead to detrimental 
effects due to the interactions between Cd ions and other 
elements. Hence, the translocation of Cd ions in plant 
cells would be diminished if they were conveyed by 
cation channels or other transporters [41]. Nevertheless, 
in the current study, the use of zinc substantially 
increased the levels of plant root and shoot Na+, K+, 
and Ca2+ up to 22.25%, 91.12%, 103.92%, 45.72%, 
68.07%, and 55.86%, respectively [42]. The decrease in 
the accumulation of mineral ions has an adverse effect 
on the processes of metabolism and photosynthetic 
indices [43]. A key approach to detoxifying  heavy 
metal-contaminated soils is called phytoextraction, 
which functions via the use of accumulators to draw 
toxins from the soil and transfer them into plants.  
A phytoextraction plant  species with excellent metal 
resistance and biological accumulation index should be 
ideal for the reclamation of heavy metal-affected soils 
for sustainable agriculture [44]. In our current research 
trial, there was considerable Cd2+ accretion in the leaves 
of sunflower plants, and Cd concentration in the leaves 
showed a substantial elevation with the increasing 
levels of Cd soil treatments, e.g., 40 ppm and 80 ppm  
(Fig. 5. A). At higher levels of Cd soil treatment, various 
attributes (photosynthetic, growth, and yield attributes) 
of sunflowers were affected considerably in terms of 
lower photosynthetic efficiency and reduced biological 
yield due to Cd toxicity. Lux [45] studied that the 
majority of plants are hazardous to leaf Cd contents over 
5-10 μg g−1. In the present study, the application of Zn 
significantly reduced the Cd-induced losses in sunflower 
plants. Zinc (Zn) is a crucial micronutrient that serves 
as a constituent of several enzymes responsible for 
regulating multiple metabolic events in plants. It is 
also necessary for the creation of auxins and proteins. 
Additionally, it facilitates enhanced assimilation of 
nitrogen (N) and phosphorus (P) by plants [46]. As the 
concentration of Zn application increases from 0 ppm 
(control) to 100 ppm, the Zn2+ concentration in the leaves 
of sunflower also increases, ranging from 5 to 32 mg/kg. 
This indicates the considerable effect of Zn application 
to improve the growth, photosynthetic, mineral ion 
uptake, and yield attributes of sunflower plants under 
Cd-stressed conditions.

Conclusions

The present study indicates the alterations in 
sunflower plants exposed to Cd stress in combination 
with Zn usage. The usage of Zn in general agricultural 
practices overall ameliorates the harmful effects of Cd 
toxicity that pose harmful impacts on morphological, 
photosynthetic, phenolic contents, mineral ions, and 
biological yield attributes of plants. It was also studied 
that Cd toxicity causes oxidative and ultrastructure 

damage, nutrient imbalance, and subcellular localization 
in plants that ultimately impair plant development and 
adversely affect plant productivity. Translocation and 
uptake of mineral ions by plants also become disturbed 
due to Cd stress. However, application of Zn distinctly 
revealed its beneficial contribution to recouping losses 
carried on by stress. Furthermore, experiments needed 
to be accomplished alongside other micronutrients 
to investigate hazardous metal phytoremediation 
procedures in field trials on a larger scale.

Funding

This research was funded by Researchers Supporting 
Project (RSPD2025R751), King Saud University, 
Riyadh, Saudi Arabia.

Acknowledgment

This research was funded by Researchers Supporting 
Project (RSPD2025R751), King Saud University, 
Riyadh, Saudi Arabia.

Data Availability

The datasets generated during and/or analysed during 
the current study are available from the corresponding 
author on reasonable request. 

Conflict of Interest

The authors declare no conflict of interest.

References

1.	 AKRAM M., ULLAH S., IKRAM K., ZAHEER M.S., 
MANSHA M.Z., ALI H.H., NIAZ Y., SELEIMAN M.F., 
KHAN N. Effect of cadmium toxicity on Zn, Mn, Cd, Fe 
concentration and translocation, bioaccumulation, uptake 
of Cd in root and shoot of different rice varieties. Pakistan 
Journal of Botany, 56 (1), 55, 2024, 

2.	 RAZA A., ASHRAF F., ZOU X., ZHANG X., TOSIF H. 
Plant adaptation and tolerance to environmental stresses: 
mechanisms and perspectives. Plant Ecophysiology 
and Adaptation under Climate Change: Mechanisms 
and Perspectives I: General Consequences and Plant 
Responses, 117, 2020.

3.	 KHAN I., SELEIMAN M.F., CHATTHA M.U., JALAL 
R.S., MAHMOOD F., HASSAN F.A.S., IZZET W., 
ALHAMMAD B.A., ALI E.F., ROY R., USLU O.S., 
HASSAN M.U. Enhancing antioxidant defense system 
of mung bean with a salicylic acid exogenous application 
to mitigate cadmium toxicity.  Notulae Botanicae Horti 
Agrobotanici Cluj-Napoca, 49 (2), 12303, 2021. 

4.	 SELEIMAN M.F., AL-SUHAIBANI N., EL-HENDAWY 
S., ABDELLA K., ALOTAIBI M., ALDERFASI A. 



Ameliorative Effect of Exogenously Applied Zinc... 13

Impacts of long- and short-term of irrigation with treated 
wastewater and synthetic fertilizers on the growth, 
biomass, heavy metal content, and energy traits of three 
potential bioenergy crops in arid regions. Energies, 14 (11), 
3037, 2021. 

5.	 FARAZ A., FAIZAN M., SAMI F., SIDDIQUI H., HAYAT 
S. Supplementation of salicylic acid and citric acid for 
alleviation of cadmium toxicity to Brassica juncea. Journal 
of plant growth regulation, 39, 641, 2020.

6.	 SAIDI I., GUESMI F., KHARBECH O., HFAIEDH N., 
DJEBALI W. Gallic acid improves the antioxidant ability 
against cadmium toxicity: Impact on leaf lipid composition 
of sunflower (Helianthus annuus) seedlings. Ecotoxicology 
and Environmental Safety, 210, 111906, 2021.

7.	 ALSABBAGH A.H., ABUQUDAIRA T.M. 
Phytoremediation of Jordanian uranium-rich soil using 
sunflower. Water, Air, & Soil Pollution, 228, 1, 2017.

8.	 RIZWAN M., ALI S., ADREES M., RIZVI H., ZIA-
UR-REHMAN M., HANNAN F., QAYYUM M.F., 
HAFEEZ F., OK Y.S. Cadmium stress in rice: toxic effects, 
tolerance mechanisms, and management: a critical review. 
Environmental Science and Pollution Research, 23, 17859, 
2016.

9.	 ZORZI C.Z., GARSKE R.P., FLÔRES S.H., THYS R.C.S. 
Sunflower protein concentrate: A possible and beneficial 
ingredient for gluten-free bread. Innovative Food Science 
& Emerging Technologies, 66, 102539, 2020.

10.	 YUCE M., TASPINAR M.S., AYDIN M., AGAR G. 
Response of NAC transcription factor genes against 
chromium stress in sunflower (Helianthus annuus L.). 
Plant Cell, Tissue and organ culture, 136, 479, 2019.

11.	 BASHIR S., QAYYUM M.A., HUSAIN A., BAKHSH 
A., AHMED N., HUSSAIN M.B., ELSHIKH M.S., 
ALWAHIBI M.S., ALMUNQEDHI B.M., HUSSAIN 
R. Efficiency of different types of biochars to mitigate 
Cd stress and growth of sunflower (Helianthus; L.) in 
wastewater irrigated agricultural soil. Saudi Journal of 
Biological Sciences, 28 (4), 2453, 2021.

12.	SELEIMAN M.F., AHMAD A., BATTAGLIA M.L., 
BILAL H.M., ALHAMMAD B.A., KHAN N. Zinc oxide 
nanoparticles: A unique saline stress mitigator with the 
potential to increase future crop production. South African 
Journal of Botany, 159, 208, 2023.

13.	 ZARE A., KHOSHGOFTARMANESH A., MALAKOUTI 
M., BAHRAMI H., CHANEY R. Root uptake and 
shoot accumulation of cadmium by lettuce at various 
Cd: Zn ratios in nutrient solution. Ecotoxicology and 
Environmental Safety, 148, 441, 2018.

14.	 RIZWAN M., ALI S., REHMAN M.Z.U., MAQBOOL A. 
A critical review on the effects of zinc at toxic levels of 
cadmium in plants. Environmental Science and Pollution 
Research, 26, 6279, 2019.

15.	 ARNON D.I. Copper enzymes in isolated chloroplasts. 
Polyphenoloxidase in Beta vulgaris. Plant physiology, 24 
(1), 1, 1949.

16.	 CHANG C.-C., YANG M.-H., WEN H.-M., CHERN J.-
C. Estimation of total flavonoid content in propolis by two 
complementary colorimetric methods. Journal of food and 
drug analysis, 10 (3), 2002.

17.	 STRACK D., WRAY V. Anthocyanins. Methods in Plant 
Biochemistry. Elsevier, 1, 326, 1989.

18.	 VÁZQUEZ M., MIKHELSON K., PIEPPONEN S., 
RÄMÖ J., SILLANPÄÄ M., IVASKA A., LEWENSTAM 
A., BOBACKA J. Determination of Na+, K+, Ca2+, and 
Cl− Ions in Wood Pulp Suspension Using Ion‐Selective 
Electrodes. Electroanalysis: An International Journal 

Devoted to Fundamental and Practical Aspects of 
Electroanalysis, 13 (13), 1119, 2001.

19.	 DE CASTRO M.L., GARCIA-AYUSO L. Soxhlet 
extraction of solid materials: an outdated technique with a 
promising innovative future. Analytica chimica acta, 369 
(1-2), 1, 1998.

20.	BRADFORD M.M. A rapid and sensitive method for 
the quantitation of microgram quantities of protein 
utilizing the principle of protein-dye binding. Analytical 
biochemistry, 72 (1-2), 248, 1976.

21.	 IMRAN Q.M., FALAK N., HUSSAIN A., MUN B.-G., 
YUN B.-W. Abiotic stress in plants; stress perception to 
molecular response and role of biotechnological tools in 
stress resistance. Agronomy, 11 (8), 1579, 2021.

22.	LI L., LI J., HE Q., ZHU S., CHEN J. Nutrients, 
ultrastructures, and Cd subcellular localization in the 
cottonseeds of three upland cotton cultivars under Cd 
stress. Journal of soil science and plant nutrition, 14 (2), 
278, 2014.

23.	RIZWAN M., ALI S., ALI B., ADREES M., ARSHAD 
M., HUSSAIN A., UR REHMAN M.Z., WARIS A.A. 
Zinc and iron oxide nanoparticles improved the plant 
growth and reduced the oxidative stress and cadmium 
concentration in wheat. Chemosphere, 214, 269, 2019.

24.	FARD S.R., KHOURGAMI A., RAFEE M., 
NASROLLAHI H. Study the effect of zinc spraying 
and plant density on seed yield and morphological 
characteristics of Green gram. Annals of Biological 
Research, 3 (8), 4166, 2012.

25.	KOBRAEE S. Effect of foliar fertilization with zinc and 
manganese sulfate on yield, dry matter accumulation, 
and zinc and manganese contents in leaf and seed of 
chickpea (Cicer arietinum). Journal of Applied Biology 
and Biotechnology, 7 (3), 20, 2019.

26.	ZOUARI M., AHMED C.B., ZORRIG W., ELLOUMI N., 
RABHI M., DELMAIL D., ROUINA B.B., LABROUSSE 
P., ABDALLAH F.B. Exogenous proline mediates 
alleviation of cadmium stress by promoting photosynthetic 
activity, water status and antioxidative enzymes activities 
of young date palm (Phoenix dactylifera L.). Ecotoxicology 
and environmental safety, 128, 100, 2016.

27.	 MOUSAVI A., POURAKBAR L., MOGHADDAM S.S., 
POPOVIĆ-DJORDJEVIĆ J. The effect of the exogenous 
application of EDTA and maleic acid on tolerance, 
phenolic compounds, and cadmium phytoremediation by 
okra (Abelmoschus esculentus L.) exposed to Cd stress. 
Journal of Environmental Chemical Engineering, 9 (4), 
105456, 2021.

28.	28.	 MARQUES A.P., MOREIRA H., FRANCO A.R., 
RANGEL A.O., CASTRO P.M. Inoculating Helianthus 
annuus (sunflower) grown in zinc and cadmium 
contaminated soils with plant growth promoting bacteria–
Effects on phytoremediation strategies. Chemosphere, 92 
(1), 74, 2013.

29.	 AMAYA-CARPIO L., DAVIES F., FOX T., HE C. 
Arbuscular mycorrhizal fungi and organic fertilizer 
influence photosynthesis, root phosphatase activity, 
nutrition, and growth of Ipomoea carnea ssp. fistulosa. 
Photosynthetica, 47, 1, 2009.

30.	DROSTKAR E., TALEBI R., KANOUNI H. Foliar 
application of Fe, Zn and NPK nano-fertilizers on seed 
yield and morphological traits in chickpea under rainfed 
condition. Journal of Resources and Ecology, 4 (1), 221, 
2016.

31.	 GIANNAKOULA A., THERIOS I., CHATZISSAVVIDIS 
C. Effect of lead and copper on photosynthetic apparatus 



Attiqa Rahman, et al.14

in citrus (Citrus aurantium L.) plants. The role of 
antioxidants in oxidative damage as a response to heavy 
metal stress. Plants, 10 (1), 155, 2021.

32.	HASEEB M., MAQBOOL N. Influence of foliar applied 
nitrogen on reproductive growth of sunflower (Helianthus 
annuus L.) under water stress. Agricultural Sciences, 6 
(12), 1413, 2015.

33.	 VIJAYARAGAVAN M., PRABHAHAR C., 
SURESHKUMAR J., NATARAJAN A., 
VIJAYARENGAN P., SHARAVANAN S. Toxic effect of 
cadmium on seed germination, growth and biochemical 
contents of cowpea (Vigna unguiculata L.) plants. 
International multidisciplinary research journal, 1 (5), 
2011.

34.	TOUISERKANI T., HADDAD R. Cadmium-induced 
stress and antioxidative responses in different Brassica 
napus cultivars. Journal of Agricultural Science and 
Technology, 14 (4), 929, 2012.

35.	 SADIQ R., MAQBOOL N., HASEEB M. Ameliorative 
effect of chelating agents on photosynthetic attributes of 
Cd stressed sunflower. Agricultural Sciences, 8 (02), 149, 
2017.

36.	WU C., DUN Y., ZHANG Z., LI M., WU G. Foliar 
application of selenium and zinc to alleviate wheat 
(Triticum aestivum L.) cadmium toxicity and uptake 
from cadmium-contaminated soil. Ecotoxicology and 
Environmental Safety, 190, 110091, 2020.

37.	 HAGHIGHI M., RAMEZANI M.R., RAJAII N. Improving 
oxidative damage, photosynthesis traits, growth and flower 
dropping of pepper under high temperature stress by 
selenium. Molecular biology reports, 46, 497, 2019.

38.	LEE C.W., KANG H. UV Photolysis of Glycine on Ice 
Films: Implication for Photosynthesis and Photodestruction 
of Amino Acids in Interstellar Medium#. Bulletin of the 
Korean Chemical Society, 36 (3), 784, 2015.

39.	 MOUSAA I., RADI H. Photosynthesis of anticorrosive 
protective coatings for steel substrate based on acrylated 
oil containing unsaturated amino acid compounds. 
Progress in Organic Coatings, 107, 18, 2017.

40.	KOSAKIVSKA I.V., BABENKO L.M., ROMANENKO 
K.O., KOROTKA I.Y., POTTERS G. Molecular 
mechanisms of plant adaptive responses to heavy metals 
stress. Cell Biology International, 45 (2), 258, 2021.

41.	 LIU S.-L., YANG R.-J., MA M.-D., DAN F., ZHAO Y., 
JIANG P., WANG M.-H. Effects of exogenous NO on 
the growth, mineral nutrient content, antioxidant system, 
and ATPase activities of Trifolium repens L. plants under 
cadmium stress. Acta Physiologiae Plantarum, 37, 1, 2015.

42.	MARIUM A., KAUSAR A., ASHRAF M.Y., KANWAL 
H., NAZLI Z.-I.-H. Enhancement in biomass and nutrients 
uptake in cucumber through methionine and phenylalanine 
under saline soils. Pakistan Journal of Agricultural 
Sciences, 58 (1), 2021.

43.	 SADAK M.S., ABDALLA A.M., ABD ELHAMID E.M., 
EZZO M. Role of melatonin in improving growth, yield 
quantity and quality of Moringa oleifera L. plant under 
drought stress. Bulletin of the National Research Centre, 
44 (1), 1, 2020.

44.	ZHAO F., LOMBI E., MCGRATH S. Assessing the 
potential for zinc and cadmium phytoremediation with the 
hyperaccumulator Thlaspi caerulescens. Plant and soil, 
249, 37, 2003.

45.	 LUX A., MARTINKA M., VACULÍK M., WHITE P.J. 
Root responses to cadmium in the rhizosphere: a review. 
Journal of experimental botany, 62 (1), 21, 2011.

46.	NITIN TRIVEDI N.T., DEVI SINGH D.S., VIJAY 
BAHADUR V.B., PRASAD V., COLLIS J. Effect of foliar 
application of zinc and boron on yield and fruit quality 
of guava (Psidium guajava L.). Agricultural and Food 
Sciences. HortFlora Research Spectrum, 1 (3), 281, 2012.


