


Foliar Application of Zinc Oxide Nanoparticles to Mitigate Drought -induced Oxidation stress in wheat



ABSTRACT 
Background: Global agricultural production is seriously threatened by water scarcity and drought-induced oxidative stress, especially for crops that are sensitive to water, like wheat. Materials and methods: The goal of this study is to determine whether applying zinc oxide nanoparticles (ZnO-NPs) that have been green-synthesized topically can help wheat suffer less from oxidative stress brought on by drought. The study focuses on wheat's physiological and biochemical characteristics under varied water conditions, including as growth, antioxidant defense mechanisms, and oxidative damage. 
Results: In the investigation, ZnO-NPs were employed at four distinct concentrations. The results emphasis the potential of ZnO-NP foliar sprays for enhancing wheat's resistance to drought stress by showing their beneficial impacts on wheat growth, chlorophyll content, increased shoot, root weight and antioxidant enzyme activities.
Conclusion: This creative strategy conserves resources in areas with limited water supplies while increasing agricultural yield in an eco-friendly manner.
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1 INTRODUCTION
Water and food production are correlated globally, with irrigated farmland accounting for almost 40% of global agricultural output. Water is in short supply in the Mediterranean area, necessitating an evaluation of present water consumption practices (Winter et al., 2017). The growing population raises the need for food, which increases the irrigated area, which has grown eight times over the previous century (Angelakιs et al., 2020). Water is in short supply in the Mediterranean area, necessitating an evaluation of present water consumption practices. The growing population raises the need for food, which increases the irrigated area, which has grown eight times over the previous century (Abdelkhalik et al., 2019). Global warming and droughts are currently the most common links between climate change and anomalies. According to current projections, over 1.8 billion people will experience a complete water deficit in the first quarter of the twenty-first century, and 65% of people will experience a partial water shortage. Numerous efforts are being undertaken to increase water productivity (WP) through research in order to mitigate future global changes and guarantee food security. Consequently, efficient advancements in irrigation and management practices are required to increase the rational and efficient usage of water (Sabir and Sari, 2019).
Worldwide, grain cereals accounted for over 50% of the total crop, and the utilization of their seeds is crucial for the manufacturing of both food and industrial raw materials. Simultaneously, grain crops experience severe water scarcity, exhibiting diverse physiological, morphological, biochemical, and molecular reactions to the dry spell. During the vegetative and reproductive stages of plant growth, a water deficiency can result in detrimental, reversible, and permanent physiological changes in the plant. Food security is threatened since the cost of fertilizers and irrigation rises annually in tandem with the cost of raw resources, which are required to apply them in agricultural output (Elam et al., 2021).
Nanotechnology has a wide range of applications, from medicine delivery to soil remediation, wastewater cleanup, and controlled fertilizers. Numerous NPs are being used more often every day in several industries, including agriculture where they are used as fertilizers and stress-relieving agents. A nanoparticle that has been designed is one that is smaller than 100 nm in size and has at least one dimension, such as zinc oxide (ZnO), titanium dioxide (TiO2), etc. However, as the usage of NPs grows, so do the risks of their unintentional leakage into undesirable areas, including ponds or groundwater (Marcon et al., 2021).
In consequence of its participation in several enzyme activities and metabolic processes, zinc (Zn) is a micronutrient that is crucial for both plants and animals. Zinc deficiency in people causes malnutrition and a number of illnesses, while it causes poor yield levels in plants (Praharaj et al., 2021). However, if present in greater amounts than allowed limits, it also poses major dangers to the ecosystems of the soil and water. Zn has a critical soil value between 70 and 400 mg/kg (Santos et al., 2023).
One of the most pervasive public health issues is zinc deficiency, which affects around 50% of the world's significant agricultural soils. Zn insufficiency is the fifth most significant cause causing sickness and disease globally and the eighth most significant factor in emerging nations. Around one-third of the world's population consumes insufficient amounts of zinc, which results in a loss of 28 million life years every year (El-Aziz, 2022).   
These nanoparticles, when applied as a foliar spray, have been found to enhance the antioxidant defense system of wheat plants, thereby reducing oxidative damage caused by drought stress. The use of zinc oxide nanoparticles as a foliar spray has been shown to enhance the antioxidant defense system in wheat plants, thereby mitigating drought-induced oxidation stress (Jiang et al., 2023). The application of zinc oxide nanoparticles as a foliar spray has shown promising results in mitigating drought-induced oxidative stress in wheat plants. Zinc oxide nanoparticles have gained attention for their potential as a remedial Nano fertilizer in mitigating drought-induced oxidation stress in wheat plants (Latha et al., 2022).
The preparation of Nano fertilizers is one key area in which nanotechnology has benefited agriculture. Unlike conventional fertilizers, which are made of natural materials, Nano fertilizers are made of manufactured components that give nutrients to plants more effectively and precisely. These Nano fertilizers make use of tiny particles, including zinc oxide nanoparticles, which may enter the plant's tissues and release nutrients right at the cellular level (Thounaojam et al., (2021). Wheat's growth and yield have been demonstrated to be improved by Nano fertilizers, such as zinc oxide nanoparticles. For instance, studies have shown that applying zinc oxide nanoparticles to the leaves of wheat plants may greatly improve their agro-morphological characteristics, photosynthesis, biomass production, and yield (Javed et al., 2022). Wheat plant germination and growth have been discovered to be favorably impacted by zinc oxide nanoparticles. For instance, a research on wheat plants revealed that adding ZnO nanoparticles significantly improved germination and growth. In addition, it has been shown that zinc oxide nanoparticles are essential for plant metabolism (Sun et al., 2020). 
Therefore, the objectives of the present study were to investigate the potential effects of foliar application of green ZnO-NPs, biosynthesized using Calotropis gigantea leaf extract, on physiological and biochemical attributes including growth, oxidative damage, and antioxidant system of wheat under various water levels. This study specifically explores the possibility of using various doses of ZnO-NPs to reduce the oxidative stress caused by drought. By triggering the antioxidant system in wheat plants in water-strapped settings, it was hypothesized that foliar spraying ZnO-NPs may enhance wheat development. To the best of our knowledge, this experiment is the first to show the protective role of ZnO-NPs in the presence or absence of drought stress in wheat.
2 MATERIALS AND METHODS
2.1 Study Site
The research was conducted in The University of Sargodha, Punjab, Pakistan during November 2022. Stain-free steel shovel was used to collected soil from 1 to 15cm depth for soil testing including pH, salt adsorption ratios, and electrical conductivity (EC). The study's source of NPs was Alfa Aesar's Zinc nanoparticles. The ZnO-NPs have a purity of 97%, a particle size range of 50 to 100 nm, a surface area per gram of 20e50 m2, and a density of 5.2 g/m3. Weighing the necessary amount of ZnO-NPs for each treatment, a solution was made with deionized water. Each solution underwent a half-hour of ultra-sonication to ensure appropriate Fe-NP diffusion. The necessary quantity was then made with deionized water and put to the pots a week before the seeding.
2.2 Pot experiment
For the investigation, the local variety Akbar-2019 wheat variety was chosen. Five kilograms of sieved soil were put to the pots during the Rabi season. The rate of the amendment that was chosen was based on earlier outcomes. The samples were thoroughly wetted to remove the dust, and any leftover moisture was then dried by the sun. At the time of sowing, the experiment was done in ambient conditions with a 64±7% relative humidity and a 33/22°C day/night temperature. Wheat seeds were washed for 2 minutes using a 2.6% chloride and sodium hypochlorite solution. For the purpose of removing extra chloride content from the seeds' surface, the seeds were washed with distilled water. A four-replicate per treatment totally randomized design was used to sow the 8 seeds in each container. Four healthy plants were still present in each container after two weeks.
2.3 Preparation and extraction of nanoparticles 
In order to prepare the extract that converted zinc ions (Zn2+) into zinc nanoparticles (Zn0), 50g of finely chopped, dried, and cleaned leaves were combined with 100 mL of distilled water that had been sterilized. The mixture was then brought to a boil for 60 minutes, or until the aqueous solution's color lightened to pale yellow. Filter paper was used to filter the extract once it had cooled to room temperature. In order to be used in further research, the extract was refrigerated.
2.4 ZnO nanoparticle preparation
The nanoparticles were produced by heating 50 ml of Calotropis gigantea leaf extract to a temperature between 60 and 80 degrees Celsius using a stirrer-heater. 5 grammes of zinc nitrate were added to the solution as soon as it reached 60 degrees Celsius. This mixture is then cooked until a thick, deep yellow paste forms. The paste was then placed in a ceramic crucible and heated for two hours in an air-fired furnace to 400 degrees Celsius. Once a light yellow powder was obtained, it was appropriately collected and packed for characterization reasons. Crushing the stuff in a mortar and pestle allowed us to characterize it.
2.5 Preparation of nanomaterials sprays
Table 1 Preparation of working solution from stock
	Stock solution(ml)
	Distilled water(ml)
	Clay soil solution
	Treatment(PPm)

	0 ml
	100 ml
	0 ml
	T0(only distilled water)

	5 ml
	92.5ml
	2.5 ml
	T1(50ppm)

	10 ml
	85 ml
	5 ml
	T2(100ppm)

	15 ml
	77.5 ml
	7.5 ml
	T3(150ppm)

	20 ml
	70 ml
	10 ml
	T4(200ppm)


The effects of drought stress on wheat seedlings, and wheat root stock were examined in this study, as well as the topical use of ZnO nanoparticles to mitigate the effects of drought between 2022 and 2023. 
2.5 Conditions for experimentation
Plants were put in January 2023 in the nursery area where they were exposed to sunlight. With an average relative humidity of about 26%, the daily mean temperature was roughly 34 °C during the day and 23 °C at night. Thirty identical-sized plants were transplanted into clay pots and kept at the maximum capacity of the field in order to give the plants the proper amount of water prior to the experiment. Every day, every plant's field capacity was maintained.
2.6 Testing configuration
A factorial layout and completely randomized design (CRD) were used in a pot experiment to address drought in wheat seedlings. Uniform field capacity, uniform soil moisture, and stress treatments initiated at the first irrigation prior to drought stress application were applied to all wheat plants. The wheat variety Akbar-2019 were exposed with different ZnO nanoparticle concentrations. A combination of clay soil solution (50, 100, 150, and 200 ppm), given to a wheat seedling throughout its first year of development. Without using ZnO nanoparticles, one treatment was carried out under control and drought circumstances, and water spraying was used as a comparator. Two replications of each treatment were performed. The same wheat yielded 30 plants while 15 plants received a control treatment, another 15 received a drought treatment. At the agricultural University Layyah, the experiment was carried out in the glasshouse. To assess each plant's growth, physiology, and biochemistry, each was taken 15 days after the stress was administered.
2.6 Chlorophyll content (SPAD)
The chlorophyll meter (SPAD 502, Minolta, Japan) was used to measure the relative leaf chlorophyll concentration of five leaves from each experimental unit in a nondestructive manner. For every treatment, the average quantity of chlorophyll in the leaves was determined.
2.7 SOD and CAT
Nitrobluetetrazolium (NBT) photochemical reduction was used to measure SOD activity. The reaction mixture including phosphate buffer (25 mM, pH 7.0), EDTA (0.1 mM), APX (0.25 mM), H2O2 (1.0 mM), and enzyme extract was used to test the APX activity. At 290 nm, absorbance reduction was recorded for 60 s. The oxidation of guaiacol to tetraguaiacol was used to measure GPX activity, and the change in absorbance was observed at 470 nm. With regard to H2O2 dissociation, CAT activity was evaluated, and the decline in absorbance at 240 nm was observed. All enzyme activity is reported as U g 1 FW. (Singh et al, 2020)
2.8 Statistical analysis
The data were analyzed using a one-way analysis of variance (ANOVA). To determine the significance of the disagreement between each mean, the LSD test was used at a 0.05 probability level.

3 RESULTS
Table 2 Basic physical and chemical properties of soil from field site.
	Particulars
	Values
	Method used

	Electrical  conductivity(dsm-1)
	0.812
	Conduction method

	Soil pH
	6.55
	Glass electrode pH meter

	Organic carbon
	1.6
	Walkley black and rapid titration method

	Available nitrogen(kgha-1)
	365.7
	Alkaline permagnate method

	Available Phosphorus(kgha-1)
	104.4
	NaHCo3 extractable Olsen method

	Available Potassium (kgha-1)
	23.8
	1N Neutral ammonia acetate



3.1 Effect of Drought Stress and Foliar Application of ZnO nanoparticles on plant growth attributes
The treatment of D0T4 (Zno concentration 200 ml) was anticipated to have the most influence on the plant's height (74.15) when considering the individual effects of applied Zno NPs concentrations on rough wheat plant, D1T4 (63.25) had the lowest estimated height for rough wheat plant. Data analysis using variance (ANOVA) revealed that neither drought stress nor Zno NPs foliar sprays could substantially alter plant height. Furthermore, it was shown that there was a statistically significant combined effect of drought stress and foliar ZnO treatments on the parameter.
List 1: Plant height
	No. of treatment
	D0(conc)
	D1(dro)

	T0ml
	71.23
	71.23

	T50ml
	65.32
	72.32

	T100ml
	80.17
	63.21

	T200ml
	72.21
	62.21



Fig. 1. The effects of foliar application of ZnO NPs on plant height. Error bars indicate the least significant value (LSD) at p ≤ 0.05 among the treatment

List 2: Spike length
	No. of Treatment
	D0(CON)
	D1(DRO)

	T0ml
	9.57
	9.54

	T50ml
	9.65
	8.54

	T100ml
	9.997
	8.15

	T200ml
	9.64
	7.15




Fig. 2. The effects of foliar application of ZnO NPs on plant height
List 3: Leaf width

	No. of Treatment 
	D0
	D1

	T0ml
	1.24
	1.4

	T50ml
	1.3
	1.48

	T100ml
	1.37
	1.46

	T200ml
	1.38
	1.43

	
	
	

	
	
	


Fig. 3 the effects of foliar application of ZnO NPs on plant leaf width
List 4:  Shoot length

	No. of Treatment 
	D0
	D1

	T0ml
	45
	50.11

	T50ml
	42.33
	55.22

	T100ml
	43.22
	57.33

	T200ml
	44.22
	45.33




Fig. 4 Effect of ZnO NPs treatment shoot length. 
List 5:  Root   length

	No. of Treatment 
	D0
	D1

	T0ml
	23
	25

	T50ml
	25
	32.66

	T100ml
	28
	33.76

	T200ml
	29.33
	23




Fig. 5 Root length. Effect of ZnO NPs treatment on root of wheat .Values are means of four replicates. 


List 6:  Root fresh weight
	No. of treatment
	D0(conc)
	D1(dro)

	T0ml
	1890
	987.23

	T50ml
	2564.23
	1021.54

	T100ml
	2447.5
	1150.65

	T200ml
	2365.23
	1154.56




Fig. 6 Root FW Effect of ZnO NPs treatment on root fresh weight. 
 List 7: Root Dry weight

	No. of Treatment 
	D0(conc)
	D1(dro)

	T0ml
	313.25
	152.75

	T50ml
	453.21
	182.5

	T100ml
	503.56
	192.32

	T200ml
	506.44
	190.23




Fig.7 Effect of ZnO NPs treatment on root dry weight 

[bookmark: _GoBack]List 8:  SPAD (Soil Plant Analysis Development)

	No. of Treatment 
	D0
	D1

	T0ml
	45.23
	33.25

	T50ml
	47.5
	35.96

	T100ml
	49.35
	33.76

	T200ml
	49.65
	33.25




Fig .8 Effect of ZnO NPs treatment on leaf chlorophyll content of wheat. 
Data analysis by variance (ANOVA) revealed that the Zno-Nps foliar treatment under drought stress was significant, and the individual effect of normal conditions was shown to be very significant for the chlorophyll content of the wheat plant's leaves. Additionally, the combined effect of drought stress and ZnO Nps concentrations on the parameter was not statistically significant. Given this, statistical analysis revealed that the amount of chlorophyll in the leaves of wheat plants may have been impacted by applied ZnO concentrations and drought stress. Furthermore, the parameter under study is impacted by the combined effects of drought stress and ZnO concentrations. As we can see from the comparison of the data, the concentration of ZnO nanoparticles in D1T4 (49.65) has the maximum effect on the spad level of the wheat leaves.
	No. of Treatment 
	D0
	D1

	T0ml
	23
	25

	T50ml
	25
	32.66

	T100ml
	28
	33.76

	T200ml
	29.33
	23


List 9:  Antioxidant enzymes 








Fig. 9 Effect of ZnO NPs treatment on SOD of wheat. 
Water stress induction significantly raised the activity of the antioxidant enzymes like SOD (Fig. 9). In comparison to control plants, during drought stress, SOD activities were increased. ZnO-treated plants demonstrated an extra increase in SOD activities under both stress (drought) and non-stress (well-watered) conditions. However SOD enzyme activity was calculated maximum in wheat leaves under the treatment D1T3.
List 10 : Oxidation Enzyme
	No. of treatment 
	D1(dro)
	D0(conc)

	T0ml
	6.25
	6.64

	T50ml
	5.23
	7.56

	T100ml
	5.21
	8.12

	T200ml
	4.23
	8.21











Fig. 10 Effect of ZnO NPs treatment on oxidation enzyme on CAT enzyme wheat. 
Water stress induction significantly raised the activity of the antioxidant enzymes SOD and CAT (Fig. 5 A, B). In comparison to control plants, during drought stress, SOD and CAT activities were increased. ZnO-treated plants demonstrated an extra increase in SOD and CAT activities under both stress (drought) and non-stress (well-watered) conditions. However CAT enzyme activity was calculated maximum in wheat leaves under the treatment D0T4.
4 DISCUSSION
It's a young and growing field of research, and it's clear that more progress will be made in the future so that this work may be applied to minimize the negative effects of abiotic stresses on plants. Zinc is a very important and scarce nutrient for plants. Interest in nanotechnology has been rapidly increasing in recent years due to its many potential uses in a variety of industries, including agriculture. Green synthetic zinc oxide nanoparticles (ZnO-NPs) have many advantages over ZnO-NPs made by traditional chemical processes. Due to their morphology, size, and shape, the biogenic zinc oxide nanoparticles that are produced may improve plant growth and production. As a matter of fact, the green synthesis approach leaves the environment mostly intact (Del Buono et al., 2021). 
Zinc (Zn) interacts with phospholipids and sulfhydryl groups to assist regulate and stabilize cell membranes, particularly in stressed plants. Recent investigation showed that ZnO-NPs enhanced physiological and biological activity under abiotic stress, including heavy metal, salt, cold, and drought (Kabir et al., 2021). The current study showed that treating ZnO-Nps enhanced the number of leaves. Our findings strongly support the ZnO regulates root development to withstand drought stress. In a another study, researchers examined how ZnO Nps decreased shoot biomass and enhanced root development (Luca et al., 2022).
The results showed that exogenous ZnO.NP increased SPAD value in tandem with the development of the chlorophyll fluorescence apparatus, hence improving aborigine resistance to drought stress. It's possible to attribute these positive outcomes of foliar ZnO NP administration to increased RWC and stabilized membrane integrity (Ghani et al., 2022). 
As ZnO concentrations increased in wheat, greater activities of SOD and CAT were seen, demonstrating the significance of the coupled activity of these enzymes in guaranteeing the homeostasis redox. SOD is the first enzyme that protects against oxidative stress by converting O2 - into H2O2, whereas CAT detoxifies H2O2. It's probable that the increase in SOD activity in both species results from the generation of H2O2, which activates the H2O2 signaling path. It has been shown that zinc is crucial for shielding plant cells from oxidative stress. The typical zinc content of whole wheat grains is between 20 and 35 g kg-1 dry matter. Applying zinc topically to the wheat roots greatly enhanced their development, which in turn increased their absorption of micronutrients (Al-Juthery et al, 2019)
5 CONCLUSION
Wheat plants exposed to drought-induced oxidative stress may benefit from the use of zinc oxide nanoparticles as a foliar spray. The findings of this study show that wheat plants grown in a variety of water circumstances, including drought, may have their growth, chlorophyll content, and antioxidant enzyme activity increased by the foliar application of green ZnO-NPs that have been biosynthesized using Calotropis gigantea leaf extract. This study offers important new information on the potential of ZnO-NPs as a strategy to help wheat plants become more resilient to water stress and to develop more quickly and productively overall. Our research also emphasizes the significance of ecologically responsible and sustainable practices in agriculture, such as green nanoparticle synthesis. Through the application of nanotechnology, we may create novel approaches to the problems of food security and water shortages in an increasingly variable environment. As nanotechnology develops further, it has enormous potential to transform agriculture and contribute to a future food supply that is more robust and sustainable. In a nutshell this work adds significantly to our knowledge of how nanotechnology might be used to solve the urgent problems of crop production stress caused by drought. To fully investigate the potential of this nanotechnology-based method in practical agricultural settings and its role in promoting food security in the face of water shortage and climate change, more study and field testing are required. It makes room for more study and advancement in this field, which might be advantageous to farmers, customers, and the environment all around.
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D0	
T0ml	T50ml	T100ml	T200ml	45	42.33	43.22	44.22	D1	
T0ml	T50ml	T100ml	T200ml	50.11	55.22	57.33	45.33	Concentration

Shoot Length



D0	
T0ml	T50ml	T100ml	T200ml	23	25	28	29.33	D1	
T0ml	T50ml	T100ml	T200ml	25	32.659999999999997	33.76	23	Concentration

Root Length



D0(conc)	
T0ml	T50ml	T100ml	T200ml	1890	2564.23	2447.5	2365.23	D1(dro)	
T0ml	T50ml	T100ml	T200ml	987.23	1021.54	1150.6500000000001	1154.56	Concentration

Root fresh weight



D1(dro)	
T0ml	T50ml	T100ml	T200ml	152.75	182.5	192.32	190.23	D0(conc)	
T0ml	T50ml	T100ml	T200ml	313.25	453.21	503.56	506.44	Concentration

Root Dry weight 



D0	
T0ml	T50ml	T100ml	T200ml	45.23	47.5	49.35	44.46	D1	
T0ml	T50ml	T100ml	T200ml	33.25	35.96	33.76	33.25	Concentration 

Chlorophyll contents 



SOD unit/mg,fw
D0	
T0ml	T50ml	T100ml	T200ml	23	25	28	29.33	D1	
T0ml	T50ml	T100ml	T200ml	25	32.659999999999997	33.76	23	Concentration

SOD



D1(dro)	
T0ml	T50ml	T100ml	T200ml	6.25	5.23	5.21	4.2300000000000004	D0(conc)	
T0ml	T50ml	T100ml	T200ml	6.64	7.56	8.1199999999999992	8.2100000000000009	Concentration

CAT



D1	
T0ml	T50ml	T100ml	T200ml	71.23	72.319999999999993	63.21	62.21	Do	
T0ml	T50ml	T100ml	T200ml	71.23	65.319999999999993	80.17	72.209999999999994	Concentraion 

Plant Height



D0(CON)	
T0ml	T50ml	T100ml	T200ml	9.57	9.65	9.9969999999999999	9.64	D1(DRO)	
T0ml	T50ml	T100ml	T200ml	9.5399999999999991	8.5399999999999991	8.15	7.15	Concentration

Spike length



D0	
T0ml	T50ml	T100ml	T200ml	1.24	1.3	1.37	1.38	D1	
T0ml	T50ml	T100ml	T200ml	1.4	1.48	1.46	1.43	Concentration

Leaf width






