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Abstract

:

The morphological plasticity of plant roots is a key factor in their ability to tolerate a wide range of edaphic stresses. There are many unanswered questions relating to nanotechnology and its potential uses for sustainable agriculture. The main purpose of this study was to examine the effects of salinity-induced morphogenic responses and zinc oxide nanoparticles (ZnO-NPs) on root characteristics, growth, MDA content, antioxidant enzymatic activity, and root ion accumulation in rice (Oryza sativa L.). The experiment was conducted in a hydroponic culture containing 50 mg/L of ZnO-NPs and different concentrations (60, 80, and 100 mM) of NaCl for 14 days. The results indicated a decrease in rice root growth due to exposure to salinity (length, fresh, and root dry weight). The results showed that salinity caused a reduction in rice root growth (length, fresh, and root dry weight). Higher root sodium (Na+) accumulation, MDA content, and potassium level decreased with increasing salinity. Root length, root fresh weight, root dry weight, root K+ content, and root antioxidant enzymatic activity were all enhanced by applying 50 mg/L ZnO-NPs often in salinity. SEM analysis revealed that ZnO-NPs treatments significantly improved root morphology. There was a notable decrease in root Na+ content as a result, which improved the K+/Na+ ratio in the rice’s root system. These findings suggest that O. sativa, when treated with ZnO-NPs, can thrive under salt-stress conditions, opening up the possibility of cultivating the plant in extreme climates.
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1. Introduction


The world population is expected to reach 9.6 billion by 2050 and approximately 83 million people are added every year which may present a major task for agricultural producers to make a balance between demand and supply, and any type of hindrance between supply and demand may cause food security-related problems [1,2]. However, agricultural lands have also been limited due to climate change and global warming [3]. Worldwide, 53% of Asia and Australia, 13% of Latin America, 10% of Europe, 9% of Africa, and 2% of North American lands are affected by salinity [4]. According to an estimation, more than 20% of irrigated lands have high salinity and 50% are affected by medium or secondary salinity [1,3,5]. In soil, accumulation of excessive salt contents Na+, K+, Ca2+, Mg2+, and Cl−, has the potential to affect plant physiology, directly inhibiting their growth and decreasing crop production [5]. Roots’ adaptability to salinity stress is crucial because they are among the first parts of a plant to experience environmental stress [6]. Root morphology may involve mechanisms that prevent salt accumulation in roots, allowing for continued water uptake even in highly salty soils [7]. Root hair development and formation are largely controlled by salt stress [8]. In plants, salt-induced ion disequilibrium is responsible for the inhibition of root growth and development [8,9]. This ionic disequilibrium may affect the root length and biomass that are sensitive to ions and osmotic stresses [10]. Ionic imbalance and osmotic stress introduced by excessive salt levels have been shown to have destructive effects on plant root morphology, biomass, and biochemical processes. The accumulation of excess Na+ and Cl− ions causes a number of physiological changes in root systems under salinity stress [11,12]. These changes include a deficiency in nutrient availability and a decrease in the soil water potential that caused the ionic toxicity [13]. This ion toxicity hampers the essential biological processes, which reduces the activity of enzymes [14]. Soil salinity directly raises plant root Na+ and Cl− contents, which raises the ratio of Na+/K+, which ultimately disrupts regular plant ionic activities [15]. Several plant species have responded to these threats by adopting a variety of adaptations. The first is an osmotic adjustment, which transports the extra Na+ ions to the vacuole, and the second is osmolyte synthesis, which helps cells deal with the situation [16,17]. Protecting membrane potential, osmotic, and turgor pressures all depend on a balanced K+/Na+ ratio.



Plant root cells typically contain mineral elements such as ions, which are used to make up the structural substances of the cell [18]. Enzymes and other biological components rely on mineral components to control and maintain their activity. They aid in electrochemical processes such as osmotic regulation, colloidal stabilization, and charge neutralization. The regulation of ion metabolism is crucial to plant growth and development because it ensures that cell membranes remain stable. An imbalance between Na+ and Cl- and other essential ions like Ca2+ and K+ is the main cause of salt damage. Plants respond to the high levels of sodium in the soil by accumulating salt. The uptake of Cl− is promoted by a chemical gradient and can be aided by a decrease in membrane potential due to an ion gradient [13]. Osmotic and ionic imbalance, membrane dysfunction, and increased production of reactive oxygen species (ROS) are all consequences of an excess of Na+, impacting cell proliferation and development [19]. During salinity stress, the salinization process decreases and alters the electron flow from central transport chains to oxygen-reduction pathways, of photosynthesis, respiration, and other metabolic processes that lead to the overproduction of reactive oxygen species (ROS), e.g., superoxide radical (O2•−), singlet oxygen (1O2), hydrogen peroxide (H2O2), and hydroxyl radical (OH•) [20,21]. These ROS are lethal and cause damage to lipids, proteins, and DNA, and affect normal cellular biological processes [22,23]. Balancing the redox homeostasis in plants during salinity stress caused by ROS is counter-balanced by antioxidant machinery, e.g., SOD, CAT, APX, and this machinery is necessary for the detoxification of ROS for the cellular survival of plants [24,25,26].



Nanotechnology is an emerging field of science in various branches like agriculture, medicine, pharmaceuticals, microbiology, and biotechnology [27]. Uses of nanoparticles (NPs) seem to be a potential solution to overcome plant salinity stress problems [28]. The size of NPs is between 1 to 100 nm, which influences plant root adaptation against salinity stress by scavenging ROS, upregulating the antioxidant enzyme activities, and decreasing the Na+/K+ ratio [29].



Zinc (Zn) is an important player in the physiological and biochemical processes of enzyme activation in plants, such as RNA polymerases, superoxide dismutase, alcohol dehydrogenase, carbonic anhydrase, protein synthesis, metabolism of carbohydrate, lipid, and nucleic acid [30,31,32]. Zinc ions are also a part of transcription factors, e.g., the Zn finger family of transcription factors that control the proliferation and differentiation of cells [30,31,33,34,35,36]. In plants, Zn deficiency reduces growth, tolerance to stress, and chlorophyll synthesis [35,36,37]. The total amount of Zn in agricultural soil depends on parent rock, weathering, organic matter, texture, and pH. Thus, the soil’s critical amount of Zn is between 70 to 400 mg/kg [38,39].



In semi-arid regions, salinity is a common problem where saline and sodic soils with high pH values lead to zinc deficiency which may reduce the crop yield [40,41,42,43]. The Zn ion reverse effect of salinity by reducing the excessive Na+ accumulation and improving the K+/Na+ ratio in plants under saline conditions also promoted root growth [44,45,46]. Zinc oxide nanoparticles (ZnO-NPs) are the most commonly used material with photoactivity, non-toxic, long-term appearances, and is inexpensive [47,48,49,50]. ZnO-NPs are safe for plants compared to other metal oxides and per annum and approximately 550 tons of ZnO-NPs are produced globally for various types of uses. ZnO-NPs have broad advantages like helping improve soil fertility, deficiency of Zn ion that enhances plant development, and protection against the various types of abiotic stress [39,51,52].



Rice (Oryza sativa L.) is one of the major edible staple crops for more than 50% of the world’s population. However, salinity is a significant barrier to rice production because of its sensitivity towards salinity. Because of this problem, the characterization of rice physiology under salinity is a critical requirement for production. In order to improve rice in the future, a deeper understanding of root system architecture is needed, with a focus on root morphological traits under salinity stress. The goal of this study was to investigate ZnO-’P's impact on root morphology and architecture under salinity stress. We used one landrace genotype, Kargi, and a salt-tolerant rice cultivar, CSR 30, to study plant root growth under different NaCl and ZnO-NP concentrations in hydroponic culture for 14 days. Finally, we observed that ZnO-NPs application reduced oxidative stress and increased antioxidant accumulation in the roots of hydroponically grown rice seedlings, thus, also reducing the detrimental effects of salinity stress. The possible mechanisms of action of ZnO NPs in reducing salt stress with an improvement in root morphology are also discussed.




2. Results


2.1. Root Growth of Rice Genotypes under Salinity Stress


The root elongation of different salinity treatments and ZnO NPs of Kargi and CSR 30 rice genotypes were screened. The root length, fresh, and dry weight of Kargi and CSR 30 compared to the control was decreased in saline treatment, respectively (Table 1), however, a significant increase in RL (Root Length), RFW (Root Fresh Weight), and RDW (Root Dry Weight) was observed in ZnO NPs treatment (Table 1) (Supplementary Figure S1).




2.2. Rice Root Na+, K+, and Zn Accumulation Analysis under Salinity Stress


Salinity stress can cause significant changes in the roots’ concentration of Na+ and K+ (Figure 1A,B). Under saline conditions, the root Na+ concentration rises from 1.97 to 3.51 fold in Kargi and from 1.88 to 3.07 fold in CSR 30 genotypes. Kargi (1.68–2.43 fold) and CSR 30 (1.48–1.189 fold) rice genotypes treated with ZnO-NPs showed the lowest increment in Na+ (Figure 1A). When subjected to salinity stress, the potassium concentration in the roots of both rice genotypes decreased considerably (Figure 1B). Root K+ concentrations decreased by as much as 2.93–3.67 fold in the Kargi genotype and 2.53–3.09 fold in the CSR 30 genotype in the saline treatment, respectively, when compared to their respective control plants (Figure 1B). However, ZnO-NP treatment decreased less K+ concentrations in the Kargi (1.61–2.10 fold) and CSR (1.66–2.18 fold) rice genotypes compared to the control. It was found that the Na+/K+ ratio in the roots was significantly altered and increased in the Kargi and CSR 30 under saline treatments, but was only slightly altered in the ZnO-NPs treatments (Figure 1C). In all treatments, Kargi showed a slightly higher Na+/K+ ratio than CSR 30 (Figure 1C).



Zn content accumulation in the roots of Kargi and CSR 30 plants that were subjected to saline treatments was significantly lower when compared to non-stressed plants (Table 1). The incorporation of an external Zn supply in the form of ZnO-NPs resulted in increased levels of zinc in the Kargi and CSR 30 root systems (Table 1). In the saline and ZnO-NP treatments, Kargi accumulated perhaps less Zn than CSR 30.




2.3. Effect of Salinity Treatment on Rice Root MDA


The MDA concentration in the Kargi (1.56–2.45 fold) and CSR 30 (1.50–2.20 fold) saline treatments was significantly higher than that of the control plants (Figure 2). It was found that the ZnO-NPs treatments seemed to not affect the MDA concentration in the roots of either Kargi (1.14–1.82 fold) or CSR 30 (1.12–1.75 fold), as compared to the controls and the NaCl treatments. In addition to this, it was found that the MDA levels in the root of Kargi were slightly higher than in CSR 30 across all treatments (Figure 2).




2.4. Activity of Antioxidant Enzymes


A significant change in antioxidant enzyme activity was observed in the root of the Kargi and CSR 30 rice plants under saline and non-saline conditions along with applying ZnO-NPs. The analysis also showed that applying ZnO-NPs increased the activity of the antioxidant enzymes in plants treated with NaCl.



2.4.1. APX Activity


Roots of the Kargi and CSR 30 species that were subjected to salinity showed increased APX enzyme activity by 1.3–1.8 and 1.4–1.9 fold, respectively, compared to controls (Figure 3). However, ZnO-NPs significantly increased the induced APX activities in the Kargi (1.5–2 fold) and CSR 30 (1.6–2.1 fold) rice genotypes compared to the untreated saline control plants.




2.4.2. CAT (Catalase) Activity


When exposed to salinity, the root CAT concentrations of both the Kargi and CSR 30 genotypes were increased by 1.46–2.29 fold and 1.53–2.31 fold, respectively, when compared to the control (Figure 4). ZnO-NPs treatments increased CAT activity compared to both the Kargi (1.75–2.50 fold) and CSR 30 (1.76–2.51 fold) controls, as well as saline plants (Figure 4). However, the CSR 30 CAT activity was marginally higher than the Kargi’s in both the saline and ZnO-NPs treatments (Figure 4).




2.4.3. SOD Activity


Under conditions of salinity stress, the root concentration of the SOD-producing enzyme was elevated in the Kargi and CSR 30 genotypes. NaCl treatment increased SOD antioxidant enzyme activity in Kargi (1.34–1.89 fold) and CSR 30 (1.40–2.01 fold) compared to their respective controls (Figure 5). In comparison to untreated controls, ZnO-NPs treatments increased SOD activity in the roots of both Kargi (1.56–1.93) and CSR 30 (1.66–2.18) plants (Figure 5). After being exposed to NaCl and NaCl+ ZnO-NPs, SOD activity in CSR 30 was marginally higher than in Kargi.





2.5. SEM (Scanning Electron Microscope) Analysis of Effect of Salinity on Rice Root


As a result of exposure to salinity, the size and shape of the roots were found to undergo transformations (Figure 6). The SEM was used to examine root morphology in order to determine the effects of salinity on the Kargi and CSR 30 genotypes. When compared to the control, the root morphological architecture and deformation of Kargi and CSR 30 were altered by the NaCl treatments (Figure 6A,B), whereas the ZnO-NPs treatments caused less harm to the roots of these plants. Figure 6A,B show the destructive effect of NaCl on the morphology of Kargi and CSR 30 root, while also demonstrating the mitigating effect of ZnO-NPs on salinity [53].





3. Discussion


Abiotic stresses reduce the germination, flowering, and productivity of crops by affecting the biological developmental processes of plants. It affects photosynthesis, respiration, protein synthesis, and lipids’ metabolism, which developed biochemical regulation by creating osmotic, oxidative, and ionic stress [12,54,55,56]. Salt injury scores under salt-treated conditions reflected the degree to which the leaf, flower, and siliqua were damaged. Excess accumulation of the salt that boosted leaf senescence is likely the cause of the drying of leaves under salinity stress [57]. Another possible explanation for leaf discoloration is the breakdown of chlorophyll molecules brought on by salinity stress [58]. Osmotic stress, ion toxicity, and mineral deficiency were the main mechanisms by which salinity harmed plants [59,60,61,62]. Root system architecture and expansion are largely governed by the efficiency with which water and nutrients are absorbed; however, these root processes are modified in distinct ways by salinity stress [63]. Root fresh and dry weights of rice were negatively impacted by salinity (Table 1), with the roots taking the brunt of the stress. This suggests that root cells are sensitive to salt concentration, or that increased water availability in the soil could mitigate the negative impact of salinity [64].



In our study, we observed that ZnO-NPs significantly improved both the salt tolerance and plant root growth of the Kargi and CSR 30 rice genotypes. All organisms require zinc as a necessary micronutrient [65]. ZnO-NPs play an important role in the biosynthesis of auxins that influence many plants’ developmental processes, e.g., root development, plant fertility, pollen development, and seed germination [53,66]. Our study shows that treating Kargi and CSR 30 rice with NaCl and ZnO-NPs significantly increases the levels of the antioxidant enzymes APX, CAT, and SOD, while also decreasing the levels of MDA and Na+ ion concentrations and promoting root growth. Under salinity stress, the application of ZnO-NPs has a potential role in the detoxification of ROS and protecting the plant root cell membrane by controlling the inclusion and exclusion of Na+, thus, promoting plant root growth [67,68,69,70].



Root potassium uptake is impeded by the high concentration of Na+ ions caused by salinity stress. Potassium is the most abundant cation in living cells and is essential for proper root cell turgidity and the function of many enzymes. The root cell’s growth and development were stopped due to a lack of K+ ions [56]. The excessive intake of Na+ into the root cytoplasm can hinder the activity of essential enzymes. If the Na+/K+ ratio is high it can create an adverse effect on the plant roots [71,72,73,74]. Our study found that under salt stress, the rice genotypes Kargi and CSR 30 exhibited the highest Na+ concentration and the lowest K+ concentration. Maximum K+ was measured in the ZnO-NPs-treated rice genotypes compared with control and salinity stress plant roots. Plants of both maize and cotton showed similar outcomes [75,76].



The higher accumulation of Na+ triggers the production of ROS that leads to membrane lipid peroxidation and the final product of lipid peroxidation is malondialdehyde (MDA) during oxidative stress that damages the membrane [77,78,79,80]. The result of this study shows that the application of ZnO-NPs with NaCl shows a significant decline in the MDA concentration compared with treatment that has only NaCl and that has maximum MDA content with higher membrane damage. This study is also consistent with other results [79,81], suggesting that salinity stress disrupted the lipid and protein composition of the membrane which affected their architecture. However, the application of ZnO-NPs extended the MDA concentration and mitigated the injury caused by salinity. Other studies also reported [64] that ZnO-NP's case defensive impact on salinity stress, especially in the cell membrane, improves the membrane’s permeability and oxidative stress in seedlings.



Other studies suggested that when plant roots are exposed to salinity stress, they produce ROS resulting in the turn-on of the defense mechanism of antioxidant enzymes [69,75]. The salinity stress produced reactive oxygen species, e.g., superoxide radical (O2•−), singlet oxygen (1O2), hydrogen peroxide (H2O2), and hydroxyl radical (OH•) [20]. In this study, it is observed that rice genotypes Kargi and CSR 30, when exposed to salinity the level of antioxidant enzymes (APX, CAT, and SOD) start increasing Present work confirmed that applications of ZnO NPs improve activities like APX, CAT, and SOD in Kargi and CSR 30 rice plants roots under salinity stress.



During salinity stress, excessive accumulation of NaCl created oxidative stress that leads to the production of reactive oxygen species (ROS), e.g., superoxide radical (O2•−), singlet oxygen (1O2), hydrogen peroxide (H2O2) and hydroxyl radical (OH•) [20,82]. ROS have destructive in nature that can damage the cell and its organization to overcome this problem antioxidant enzymes come into the picture and help in the detoxification of reactive oxygen species radicals [83]. Furthermore, the applications of ZnO-NPs give a higher concentration of antioxidant enzymes compared with the control and NaCl-treated plants this result was similar to other work on maize [84]. The increase in the concentration level of APX, CAT, and SOD activity in ZnO NPs-treated rice plants in salinity stress suggested that NPs can effectively modify the enzyme activity.




4. Materials and Methods


4.1. NPs Preparation


For our experiment using commercial-grade zinc oxide (ZnO-NP) powder (particle size < 50 nm) was purchased from Sisco Research Laboratories (SRL) Pvt. Ltd, Maharashtra, India, batch no, 6,063,960. Purchased ZnO NPs were used as received, without any modification, and prepared using a method described by Rajput et al. [85]. The ZnO-NPs were poured into DDW (double distilled water) to prepare the required concentration. The NPs solution was shaken in an ultra-sonicator (stabilization step) to achieve a well-mixed dispersion to minimize aggregation, before application in the batch experiments.




4.2. Plant Material, Seed Germination, and Hydroponic Culture


Healthy rice seeds of a landrace Kargi were collected from a farmer from Pauha village Machhlishahr, Jaunpur, Uttar Pradesh, India, and CSR-30 salt-tolerant basmati cultivar was obtained from Basmati Export Development Foundation, Meerut, India. The seeds of rice genotypes were sterilized with 0.01% HgCl2 for 2 min and washed with distilled water. Twenty-five seeds of both two genotypes were transferred on a round piece of wet filter paper in clean Petri dishes and kept in an incubator at 25 °C for germination. All treatments were performed in triplicate. After five days, the germination was halted, and the 10 germinated seeds were transferred into a test tube (in triplicate) containing 50 mL of half-strength of Hogland’s solution with and without ZnO-NPs (50 mg/L) and different concertation of NaCl (60 mM, 80 mM 100 mM), test tubes were placed in a growth chamber. The growth chamber was set at 28 ± 1 °C with light intensity 300–500 μEm-2 s-1, relative humidity 75–80%, and 14 h/8 h photoperiod. After 14 days, plant roots were harvested, washed with double distilled water, and used for further studies.



Details of the treatments are given below:




	
Control



	
60 mM NaCl



	
80 mM NaCl



	
100 mM NaCl



	
60 mM NaCl + Zn0-NPs (50 mg/L)



	
80 mM NaCl +Zn0-NPs (50 mg/L)



	
100 mM NaCl + Zn0-NPs (50 mg/L)









4.3. Morphological Indices Determination


The treated rice plants (treatments triplicate) were collected, and roots were separated from them. The different treatments’ root length (cm) was measured using a meter scale (Supplementary Figure S1).




4.4. Quantification of Na+ and K+ Concentrations


The Na+ and K+ concentrations in the roots were determined by a flame photometer (Elico-CL36, Hyderabad, India) using a method described by Hara et al. [86]. The dried rice root material was placed in 1 N HCl for 12 h, and the concentrations of Na+ and K+ were estimated from the Na+ and K+ standard curves.




4.5. Zn Content


This study’s aim was to quantify the amount of zinc present in rice roots with different treatments, grinding them into a powder, and then 0.5 g grind root powders were transferred into 10 mL of a 2:1 nitric acid and perchloric acid solution. This pre-digestive concoction sat out overnight. After 24 h, the flasks were transferred to a hot plate of digestion unit blocks and heated to between 150 and 235 °C until the orange fumes turned white. The altered coloration confirmed that the root samples were completely digested. Additionally, it was filtered by adding 2–3 mL of deionized water to 50 mL glass volumetric flasks and then we topped off the volume with additional deionized water in 100 mL flasks [87].




4.6. Measurement of Lipid Peroxidation (MDA)


MDA (Malondialdehyde) content in rice root was measured by the thiobarbituric acid (TBA) method as described by Assaha et al. [88]. Fresh root (0.1 g) was homogenized in an extraction buffer (10 mM HEPES, pH 7, 15% tricarboxylic acid, 0.375% thiobarbituric acid, 0.25 N HCl, 0.04% butylated hydroxyl toluene, and 2% ethanol) and then heated to 95 oC before being centrifuged. The supernatant was read between 532 nm and 600 nm, and the extinction coefficient was used to calculate the MDA content (155 mM−1 cm−1) [89].




4.7. Measurement of Antioxidant Enzymes’ Activity


4.7.1. APX and CAT


CAT (EC 1.11.1.6) and APX (EC 1.11.1.11) activity were determined through enzyme extraction carried out using a 0.5 g fresh root sample of rice by the strategy of Takagi and Yamada [90]. To begin with, 50 mM potassium phosphate buffer (pH 7.0), 10 mM H2O2, and 5% enzyme extract were all present in a one mL CAT assay mixture. At 240 nm, a decrease in H2O2 was noted, and activity was estimated as mmol H2O2, consumed per minute. For APX activity, a 1 mL assay mixture included 10% enzyme extract, 25 mM phosphate buffer (pH 7.0), 0.25 mM ascorbic acid, 0.1 mM EDTA, and 0.1 mM H2O2. At 290 nm, the rate of ascorbate oxidation was observed, and its concentration was determined using its extinction coefficient of 2.8 mM−1 cm−1. One unit of APX is equal to 1 µmol of ascorbate oxidized per minute.




4.7.2. SOD


SOD (EC 1.15.1.1) activity was detected by the following method of Beyer and Fridovich [91] technique, by inhibition of the photoreduction of NBT (nitrotetrazolium). To begin with, 50 mM sodium phosphate buffer, pH 7.6, 0.1 mM EDTA, 50 mM sodium carbonate, 12 mM L-methionine, 50 μM NBT, 10 μM riboflavin, and 100 μM of crude extract were added to the reaction mixture, which contained a final volume of 3.0 mL. There was no crude extract used in the reaction. SOD reaction was carried out for 15 min at room temperature in 4000 lux under 15 W fluorescent lights. Using a spectrophotometer, the absorbance at 560 nm was measured after 15 min of incubation.





4.8. Root Anatomy Observation by Scanning Electron Microscope


SEM (Zeiss EVO LS10, Oberkochen, Germany) was used to examine the root morphology of rice genotypes CSR 30 and Kargi after being subjected to NaCl and ZnO NPs at 20 kv in a water-free, high-vacuum environment.




4.9. Statistical Analyses


The statistical analyses were performed by one and two-way ANOVA using SPSS software 16.0 version and every experiment was triplicated. Means differing significantly were compared using Duncan’s test at a significance level of p ≤ 0.01.





5. Conclusions


For plants, salinity is one of the most damaging abiotic stresses because it causes a wide variety of abnormal changes in the morphology and physiology of roots. We aimed to investigate the effect of ZnO-NPs on morpho-physiochemical attributes under normal and salt stress conditions. Our results show that under both control and salt stress conditions, the morpho-physiochemical response of Oryza sativa roots to ZnO-NPs was significantly higher than in the contexts of the corresponding control and saline treatments. Furthermore, our study shows the significant efficacy of ZnO-NPs in promoting root growth, decreasing Na+ and MDA content, stimulating K+ uptake, improving the Na+/K+ ratio, and enhancing the activity of antioxidant enzymes. This ensures a low Na+/K+ ratio in the roots of Kargi and CSR 30 plants by maintaining ion homeostasis and limiting Na+ transport to the roots. Increased growth of Oryza sativa under salt stress results from improved cellular function, reduced accumulation of reactive oxygen species, and protection of biomolecules. These findings with SEM level analysis suggest that ZnO-NP-induced tolerance in the Kargi and CSR 30 rice genotypes may result from the ZnO-NPs protecting the root tissue morphology, thus, reducing water loss and enhancing nutrient and water transport. In addition, ZnO-NPs can increase antioxidant levels and nutrient uptake, both of which may play essential roles in water uptake under NaCl stress conditions, facilitating the growth of a robust root system and illuminating the mechanisms underlying plants’ salinity tolerance and adaptability.
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Figure 1. Impact of ZnO-NPs in control and saline conditions in the Na+, (A), K+ (B), and Na+/K+ ratio (C), in the root of Kargi and CSR 30 after 14 days of treatments. Values are means of three replicates. Error bars indicate the least significant value (LSD) at p ≤ 0.01 among the treatments. 
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Figure 2. Impact of ZnO-NPs in control and saline conditions in the MDA concentration in the root of Kargi and CSR 30 after 14 days of treatments. Values are means of three replicates. Error bars indicate the least significant value (LSD) at p ≤ 0.01 among the treatments. 
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Figure 3. Impact of ZnO-NPs in control and saline conditions in the APX activity in the root of Kargi and CSR 30 after 14 days of treatments. Values are means of three replicates. Error bars indicate the least significant value (LSD) at p ≤ 0.01 among the treatments. 
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Figure 4. Impact of ZnO-NPs in control and saline conditions in the CAT activity in the root of Kargi and CSR 30 after 14 days of treatments. Values are means of three replicates. Error bars indicate the least significant value (LSD) at p ≤ 0.01 among the treatments. 
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Figure 5. Impact of ZnO-NPs in control and saline conditions in the SOD activity in the root of Kargi and CSR 30 after 14 days of treatments. Values are means of three replicates. Error bars indicate the least significant value (LSD) at p ≤ 0.01 among the treatments. 
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Figure 6. Impact of ZnO NPs in control and saline conditions and morphological deformations of the root of (A) Kargi and (B) CSR 30 after 14 days of treatments. Subfigures represent different treatments with ZnO-NPs: (I)—control, (II)—60 mM NaCl, (III)—80 mM NaCl, (IV)—100 mM NaCl, (V)—60 mM NaCl + ZnO-NPs (50 mg/L), (VI)—80 mM NaCl + ZnO-NPs (50 mg/L), and (VII)—100 mM NaCl+ ZnO-NPs (50 mg/L); red arrows indicate deformation and reformation of Kargi and CSR 30 rice root. 
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Table 1. Impact of ZnO-NPs, NaCl in control and saline conditions in the root parameters RL (Root Length), RFW (Root Fresh Weight), and RDW (Root Dry Weight) of Kargi and CSR 30 seeds after 14 days of treatments. Values are means of three replicates. Error bars show the least significant value (LSD) at p ≤ 0.01 among the treatments.
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Genotypes

	
Treatments

	
RL (cm)

	
RFW (gm)

	
RDW (gm)

	
Zn Content (mg/Kg) DW






	
Kargi

	
Control

	
7.73 ± 0.19

	
1.67 ± 0.12

	
0.50 ± 0.03

	
70.55 ± 2.60




	
60 mM NaCl

	
6.43 ± 0.18

	
1.35 ± 0.28

	
0.30 ± 0.13

	
60.28 ± 0.85




	
80 mM NaCl

	
5.80 ± 0.08

	
1.25 ± 0.29

	
0.22 ± 0.21

	
45 ± 1.30




	
100 mM NaCl

	
4.87 ± 0.18

	
1.16 ± 0.14

	
0.15 ± 0.16

	
30 ± 0.70




	
60 mM NaCl + Zn0-NPs (50 mg/L)

	
6.53 ± 0.23

	
1.47 ± 0.47

	
0.40 ± 0.33

	
240 ± 1.80




	
80 mM NaCl +Zn0-NPs (50 mg/L)

	
6.05 ± 0.05

	
1.35 ± 0.10

	
0.31 ± 0.22

	
182 ± 5.75




	
100 mM NaCl + Zn0-NPs (50 mg/L)

	
5.97 ± 0.14

	
1.25 ± 0.38

	
0.24 ± 0.12

	
170 ± 32




	
CSR 30

	
Control

	
8.77 ± 0.21

	
1.77 ± 0.35

	
0.60 ± 0.05

	
72 ± 1.18




	
60 mM NaCl

	
8.03 ± 0.22

	
1.43 ± 0.15

	
0.44 ± 0.19

	
65 ± 1.80




	
80 mM NaCl

	
7.23 ± 0.10

	
1.33 ± 0.34

	
0.30± 0.18

	
50 ± 1.32




	
100 mM NaCl

	
6.50 ± 0.23

	
1.20 ± 0.33

	
0.21 ± 0.14

	
39 ± 0.30




	
60 mM NaCl + Zn0-NPs (50 mg/L)

	
8.37 ± 0.30

	
1.57 ± 0.09

	
0.51 ± 0.43

	
255 ± 1.95




	
80 mM NaCl + Zn0-NPs (50 mg/L)

	
8.13 ± 0.07

	
1.42 ± 0.27

	
0.42 ± 0.27

	
210 ± 5.91




	
100 mM NaCl + Zn0-NPs (50 mg/L)

	
7.53 ± 0.27

	
1.31 ± 0.08

	
0.33 ± 0.41

	
178 ± 34
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