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Drought stress poses a significant obstacle to agricultural productivity, particularly in the case of oilseed crops such as sunflower (Helianthus annuus L.). Selenium (Se) is a fundamental micronutrient that has been recognized for its ability to enhance plant resilience in the face of various environmental stresses. The FH-770 sunflower variety was cultivated in pots subjected to three stress levels (100% FC, 75% FC, and 50% FC) and four Se application rates (0 ppm, 30 ppm, 60 ppm, and 90 ppm). This research aimed to investigate the effect of exogenously applied Se on morpho-physiological and biochemical attributes of sunflower to improve the drought tolerance. Foliar Se application significantly lowered H2O2 (hydrogen peroxide; ROS) (20.89%) accumulation that markedly improved glycine betaine (GB) (74.46%) and total soluble protein (Pro) (68.63%), improved the accumulation of ascorbic acid (AA) (25.51%), total phenolics (TP) (39.34%), flavonoids (Flv) (73.16%), and anthocyanin (Ant) (83.73%), and improved the activity of antioxidant system superoxide dismutase (SOD) (157.63%), peroxidase (POD) (100.20%), and catalase (CAT) (49.87%), which ultimately improved sunflower growth by 36.65% during drought stress. Supplemental Se significantly increased shoot Se content (93.86%) and improved calcium (Ca2+), potassium (K+), and sodium (Na+) ions in roots by 36.16%, 42.68%, and 63.40%, respectively. Selenium supplements at lower concentrations (60 and 90 ppm) promoted the growth, development, and biochemical attributes of sunflowers in controlled and water-deficient circumstances. However, selenium treatment improved photosynthetic efficiency, plant growth, enzymatic activities, osmoregulation, biochemical characteristics, and nutrient balance. The mechanisms and molecular processes through which Se induces these modifications need further investigation to be properly identified.




Keywords: 0ppm Selenium (Se0), 30ppm Selenium (Se1), 60ppm Selenium (Se2), 90ppm Selenium (Se3), Anthocyanin (Ant), ascorbic acid (AsA), calcium ions (Ca2+), carotenoids (Car)



Graphical Abstract | 






1 Introduction

Sunflower (Helianthus annuus L.) is a member of the Asteraceae plant family and is grown on 24.77 million hectares worldwide. North America has a long history of cultivating sunflowers, which are now grown globally as an essential oilseed crop. Sunflowers are cultivated in subtropical and tropical countries, where irrigation is traditionally necessary due to drought and extreme temperatures (Arshad et al., 2020). It has 25%–48% oil and 20%–27% protein. It is very adaptable to temperature, moisture, soil composition, and agricultural practices. In Pakistan, area and production are insufficient but crops are commercially important because of their cooking oil yield (Rolnik and Olas, 2021). Nevertheless, drought and insufficient rainfall throughout the growing season substantially lower seed output. According to the USDA Agriculture Weather Facility, drought reduced Spanish sunflower yield by 41%.

Global food security and productivity is severely hampered by climate change and the accelerated growth of the human population (Ameen et al., 2023a). The Intergovernmental Panel on Climate Change (IPCC) Special Report on Climate Change and Land highlights that “Sunflower, a major oilseed crop, is particularly vulnerable to drought conditions, which are expected to increase in frequency and severity under climate change scenarios” (IPCC, 2022a). Crop productivity is occasionally severely affected by a growing number of biogenic and abiogenic challenges, which are imposed on by global warming and other climatic irregularities. Drought stress is caused by a combination of low soil and atmospheric humidity, along with above-average ambient air temperature. According to Mukhtiar et al. (2023), there is an imbalance between the evapotranspiration flux and the soil’s water absorption capacity. The report by the IPCC (2012) provides a framework for managing risks associated with severe events and disasters in order to progress climate change adaptation. The framework highlights the risk that arises from the combination of weather and climate events, as well as vulnerability and exposure.

Climate change is projected to negatively impact crop yields in many regions, with a more significant impact on low-latitude regions (Ameen et al., 2023b). Changes in precipitation patterns due to climate change can lead to water stress, which adversely affects the productivity of oil crops. The IPCC AR5 states, “Drought stress, exacerbated by higher temperatures, can lead to substantial yield reductions in oil crops” (IPCC, 2014). For agricultural productivity and food security, the most serious consequences of climate change are heat and drought. The unfavorable circumstances are negatively impacting plant growth and agricultural productivity of essential crops, leading to the development of regions prone to drought (IPCC, 2022b). Heat and drought processes may be further confounded by a variety of environmental conditions, including both biotic and abiotic components. These problems are undoubtedly significant barriers to agricultural productivity because of oxidative, osmotic, and heat stress brought on by soil salinity and water scarcity (Ahmad et al., 2024; Ameen et al., 2024). Furthermore, when leaf temperatures rise, it has been observed that the reduced stomatal conductance and transpiration under these conditions may result in heat stress. Deficiency of water and elevated temperatures have a major negative impact on plant growth and performance in tropical and subtropical regions (Dietz et al., 2021). Because of the adverse impacts of climate change and increasing drought conditions, this research was conducted to investigate the role of selenium in mitigating drought stress and enhancing the resilience and yield of sunflower crop.

Several factors can lead to water stress in plants, including extreme dry wind seasons, high temperatures, light intensity, and increased evapotranspiration. Sunflower seeds are the fifth-largest edible oil source worldwide. Despite their unrealized potential, they remain a valuable part of a balanced diet or nutraceutical due to their nutritional and therapeutic properties (Bhatt and Patel, 2020). Sunflower’s nutraceutical qualities come from its vitamins, minerals, and phytochemicals such as tocopherols, phytosterols, and flavonoids (Flv). Sunflower oil is cholesterol-free, oxidation-resistant, and rich in linoleic acid. In arid and semi-arid countries with changing climates, drought-tolerant genotypes and adaptive management practices are essential for maintaining sunflower yield.

Water stress is a major factor affecting plant development. Typically, living plant cells contain 85%–95% water. Plants have three distinct types of water associations. The main type of water is bound water molecules, which are chemically linked to complexes such as salts and organic substances. This water is not easily transferred when required or when the plant is under stress (Zafar et al., 2023). Surface water is the second type that occurs on amphiphilic substances including proteins, lipids, and fats. Surface water contributes to 5%–10% of the water content in plant body tissue, but it is uncommon since it penetrates protoplast structures like plasma membranes (Ivanov et al., 2019). Capillary characteristics, hydrogen bonding, and imbibition enable the binding of surface water molecules. The final kind is water that flows freely across plant cells and makes up almost 50% of the plants’ water content. This water moves by osmotic influences in tissues (Munns et al., 2020).

Available nutrients and water affect plant development and agricultural yield. Limited CO2 uptake causes an excess of decrease in the photosynthetic electron chain in plants under water stress. Particularly in the photosynthetic and mitochondrial electron transport chains, this excess reducing power directs light energy toward mechanisms that promote the formation of reactive oxygen species (ROS) (Gull et al., 2023). Water deficit causes oxidative stress in plant cells due to increased electron leakage towards O2 during photosynthesis and respiratory activities, resulting to more ROS generation. The O2−, H2O2, and OH radicals may specifically target membrane lipids, impair nucleic acids, and disrupt essential biochemical processes, leading to cell death. Non enzymatic and enzymatic antioxidants effectively remove ROS mitigating damage to the cell.

Superoxide dismutase (SOD), an enzymatic antioxidant protective mechanism, is present in numerous cell divisions, catalyzing the disproportion of two O2− radicals to H2O2 and O2. Catalases (CAT) and peroxidases (POD) convert hydrogen peroxide (H2O2) to water (Arikan et al., 2022). Furthermore, normal cell metabolic activities produce ROS by-products. Normal cell metabolism regulates ROS formation and degradation. In severe circumstances, ROS generation overwhelms scavenging mechanisms, causing oxidative stress. ROS can destroy essential biomolecules, impair cellular metabolism, and lead to cell death (Kalyane et al., 2022).

Se is rare in nature; volcanism is its significant source; hence, it is lacking in most soils. It is oxidized like sulfur (SO42−, SO32−) and is taken up by plants as SeO42− (selenate) and SeO32− (selenite). It is a potent antioxidant and is both a non-enzymatic and an enzyme antioxidant supplement. This nutrient deficiency causes heart attack, angina, and stroke in humans. Selenium deficiency in animals can cause white muscle disease. Animals with this condition may lose hair and muscular mass (Uddin et al., 2022).

From the most recent theories on transport, selenium activates aquaporins, boosting a plant’s absorption of water. Aquaporins are channels that help move water and other biochemical substances across plasma membranes (Sharma et al., 2021). Aquaporins consist of a system of cysteine and methionine complex amino acids. Selenium forms selenocysteine and selenomethionine from these amino acids (Zhang and Chu, 2022). The thiol group’s charge and hydrogen bonds facilitate the movement of water. Selenocysteine is a lately identified amino acid. Selenium substitutes sulfur and make selenocysteine the 21st amino acid (Pedron et al., 2023). This acid is commonly prescribed to reduce breast cancer since it confers resistance to oxidative stress. Selenium releases electrons, then replenishes electrons lost from ROS created by cell stress, reducing their destructive capabilities (Lopez-Cantu et al., 2022).

Since Se has the capability to regulate water levels even under drought conditions, it has been shown that even minute amounts of this element can increase selenium content in lettuce and accelerate the plant’s average growth rate (Hossain et al., 2021). Se is an inexpensive way to improve drought resistance and reduce agricultural losses caused by water-restricting factors. Many agricultural experts have shown interest in selenium in recent decades due to its antioxidant and physiological attributes (Sarkar et al., 2023). Se reduces agricultural losses under various physiological conditions, even though it does not directly impact plant metabolic processes (Kamran et al., 2020). Nevertheless, there has not been much research on the role that Se plays in enhancing drought resistant in plants (Ghorai et al., 2022). By triggering plants’ antioxidant mechanisms during drought stress, Se can manage water balance and improve biomass yield. Even in exceptionally low amounts, Se can enhance plant resistance to drought, promote growth, increase leaf carotenoids and chlorophyll, regulate water availability, accumulate suitable solutes, and activate the antioxidant mechanism (Zahedi et al., 2023).

The main objective of current research was to determine the role of exogenously applied Se on morpho-physiological and biochemical attributes of sunflowers as well as to observe which level of selenium treatment is the best to mitigate the drought stress. Furthermore, we also evaluated the impact of exogenous Se on antioxidants, secondary metabolites, ion uptake, and osmotic regulation.




2 Materials and methods

The experiment was undertaken during winter seasons (2022–2023) at the experimental area of the Botanical Garden of University of Agriculture Faisalabad, Community College PARS. The sunflower seeds of the FH-770 variety were obtained from the Department of Oilseeds at the Ayub Agricultural Research Institute (AARI) located in Faisalabad. The experiment was conducted in an open-air environment to simulate natural drought conditions for 18 weeks. The meteorological data and soil physicochemical properties of the experiment site are given in Tables 1, 2, respectively. Soil was collected, air-dried, and sieved to remove debris. The initial moisture content of the soil was calculated by weighing 100 g of fresh soil, which was then oven dried at 105°C for 24 h, and the soil dry weight was measured. Soil moisture content was calculated using the following formula: soil moisture content (%) = (soil fresh weight−soil dry weight/soil fresh weight) ×100.


Table 1 | Meteorological data of experimental site of Community College PARS, University of Agriculture Faisalabad (2023).




Table 2 | Soil physicochemical traits and soil irrigation treatments of experimental site.



Irrigation treatments were applied to maintain the soil moisture by following the method of Khorasaninejad et al. (2011). Soil moisture was monitored daily using a soil moisture probe (T10 Soil Moisture Meter, XLUX®). The pots were regularly weighed, and irrigation was applied whenever the soil moisture content dropped below the designated levels for each treatment. The frequency of irrigation was varied depending on the prevailing weather conditions and the rate of evapotranspiration. The recommended dosage of fertilizer by AARI was applied to meet the nutritional requirements.

For this experiment, the plants were sown in standard plastic pots (9.5 cm in diameter × 25.5 cm in height) containing dry soil. A total of 36 pots were distributed in a complete randomized block design with three replicates of each treatment (Figure 1) and regularly rotated to reduce the impact of environmental variability. The primary pots (selenium treated) were divided into three irrigation levels, including full irrigation (DS0) with 100% FC, moderate water stress (DS1) with 75% FC, and severe water stress (DS2) with 50% FC. Drought was applied to selective pots after 1 week of the four-leaf stage. Additionally, four rates of selenium application were used, consisting of Se0 (0 ppm), Se1 (30 ppm), Se2 (60 ppm), and Se3 (90 ppm), with Na2SeO4 (selenate) being the source of selenium. Selenium was applied after 1 week of drought treatment. Data of several morpho-physiological, biochemical, ionic, and enzymatic parameters were analyzed after 3 to 4 weeks of selenium application.




Figure 1 | Graphical Illustration of experimental setup.





2.1 Morphological attributes

The morphological attributes including shoot and root length (SL and RL) (cm), number of leaves (NOL) (plant−1), number of branches (NOB) (plant−1), shoot and root fresh weight (SFW and RFW) (g), shoot and root dry weight (SDW and RDW) (g), maximum plant height (PH) (cm), total dry matter (TDM) (g), and total plant biomass (PBM) (g) were recorded (Ahmad et al., 2024).




2.2 Physiological attributes

The following physiological attributes were calculated.



2.2.1 Root and shoot water content

The water content of the root and shoot (rWC and sWC) was calculated by following the methodology of Barrs and Weatherley (1962). The root and shoot samples were weighed immediately after harvesting to determine their fresh weights (FW). To determine the samples’ dry weights (DW), they were subsequently dried for 48 h at 70°C in an oven. Water content was calculated using the following formula:

Water content = 100 × (FW-DW)/FW




2.2.2 Chlorophyll contents

Chlorophyll content of one plant from each replication was measured by using Davis (1976) and Arnon (1949) methods. One fresh leaf from each replication was collected and 0.5 g of leaf was ground into mortar and pestles. After this, 5 mL of 80% acetone was added to the extract and kept for one night at 10°C temperature. On the next day, the extract was centrifuged at 14,000 rpm value for 5 min. Supernatant absorbance was measured by using a spectrophotometer (InnoTech, Inno-UV2000, China) at three wavelengths 480 nm, 645 nm, and 663 nm for carotenoids, chlorophyll b, and chlorophyll a, respectively, by using the formula given by Naseem et al. (2023).





2.3 Ionic and nutrient analysis


2.3.1 Ions test (Na+, Ca2+, K+)

Wolf (1982) digestion technique was used to measure root mineral ions. In digestion flasks, 0.1 g of dry root from each plant replication was digested in 2.5 mL of concentrated H2SO4. Four milliliters of 35% H2O2 was added to the flask and heated at 350°C until colorless. After filtering, this solution was diluted to 50 mL with distilled water. The ions (Na+, Ca2+, K+) in this filtrate were measured using a flame photometer (Jenway, PFP-7, Staffordshire, UK).




2.3.2 Selenium content

Selenium content was determined according to the proposed method of Revanasiddappa and Kiran Kumar (2002). A 5-g plant matter was dissolved by heating with 10 mL of HNO3 for 20 min. Then, 0.5 mL of HClO4 was added, and the mixture was heated for another 10 min. Water and HCl were used for sterilizing the residues, and it was further boiled for 10 min. The residues were neutralized with NaOH. Then, a 5% EDTA solution was added, and the mixture was diluted to 50 mL. HCL and KI were used to evaluate a 3-mL sample of the solution for selenium. The 600-nm absorbance of liberated iodine was measured using a spectrophotometer (InnoTech, Inno-UV2000, China) after thionine reaction and the concentration of selenium was determined through subtracting the blank absorption.





2.4 Secondary metabolites


2.4.1 Total phenolics

To determine total phenol content, Singleton et al (1965) methodology was used to heat 400 mg of dried leaves in 40 mL of ethanol (60%) for 10 min at 60°C and then filtered. Folin-Ciocalteau solution (10 mL) was added to the filtrate (2 mL) and the mixture was left to develop for 5 min. After adding 8.25 mL of 7.5% Na2CO3, it was incubated for 2 h. Using the regression equation from gallic acid, total phenolics (TP) was calculated after taking the absorption at 765 nm by using a spectrophotometer (Peak Instruments, C7200S, USA).




2.4.2 Ascorbic acid

Trichloroacetic acid (TCA) at a concentration of 6% was used to standardize a leaf sample (0.5 g). According to Mukherjee and Choudhuri (1983), extract was homogenized with 2 mL of 2,4 dinitrophenyl hydrazine and 1 drop of 10% thiourea.




2.4.3 Flavonoid

Flv content was measured by following Zhishen et al (1999) methodology, dipping 100 mg of dried leaves in pure methanol and filtering the extract. This filtrate (1 mL) was incubated for 5 min with distilled water (4 mL), 5% NaNO2 (0.3 mL), and 10% AlCl3. After incubation, 4% NaOH (2 mL) and distilled water (2.4 mL) were added until they became pink. The usual regression equation was used to figure out rutin after taking absorbance at 510 nm by using a spectrophotometer (Peak Instruments, C7200S, USA).




2.4.4 Anthocyanins

The Flv content was determined by blending fresh leaves in a mixture of HCl, distilled water, and methanol with a 1:20:79 ratio (Mancinelli, 1984). The homogenates were centrifuged at a speed of 13,000 rpm for 20 min at a temperature of 4°C, and the absorbances of the supernatants were measured at 530 and 657 nm on a spectrophotometer (Peak Instruments, C7200S, USA).





2.4 Biochemical parameters


2.4.1 Total soluble protein

According to the Bradford (1976) methodology, the total soluble protein (Pro) was determined. Fresh leaf samples (1 g) were homogenized in 4 mL of pH 7.5 sodium phosphate buffer and centrifuged at 4,000 rpm. At 595 nm, a spectrophotometer (Peak Instruments, C7200S, USA) was used to measure the absorbances of the supernatants.





2.5 Enzymatic antioxidants


2.5.1 Peroxidase and catalase

According to Chance and Maehly (1955), reaction solutions were made individually for each enzyme. Fresh leaves (0.25 g) were ground with 5 mL of 50 mM potassium phosphate (KP) buffer. The mixture was centrifuged for 15 min at 14,000 rpm to prepare enzyme extract.

For the determination of CAT, the 0.059 M H2O2 solution was prepared by adding 29 µL of H2O2 to falcon tubes covered with aluminum foil, raising the volume with distilled water up to 5 mL. Before measuring the absorbance at 240 nm, 100 µL of enzyme extract, 100 µL of H2O2 (0.059 M), and 1.9 mL of KP buffer (50 mM) were mixed. To determine POD activity, 750 µL of the 50 mM KP buffer was mixed with 100 µL of enzyme extract, H2O2, and guaiacol, and the absorption of the mixture was recorded at 450 nm by using a spectrophotometer (Peak Instruments, C7200S, USA).




2.5.2 Superoxide dismutase

The method developed by Giannopolitis and Ries (1977) was used to prepare the SOD enzyme samples. The enzyme extract samples were prepared by grinding 0.25 g of fresh leaf and adding 5 mL of 50 mM KP buffer. After that, the sample was centrifuged at 14,000 rpm for 15 min. A blank was prepared with 50 µL of distilled water and 50 µL of KP buffer. Riboflavin was added along with other cuvettes after being exposed to light for 15 min. The SOD enzyme mixture contains 50 µL of enzyme extract, 50 µL of riboflavin, 50 µL of NBT, 250 µL of 200 mM KP buffer, 400 µL of distilled water, 100 µL of Triton, and 100 µL of L-methionine, and the absorbance was measured at 560 nm on a spectrophotometer (Peak Instruments, C7200S, USA).





2.6 Organic osmotica and reactive oxygen species


2.6.1 Glycine betaine

The glycine betaine (GB) content was calculated using the methodology of Grieve and Grattan (1983). The homogenate was treated with HCl, KI3, and 1,2-dichloroethane in various phases, and the optical density was measured at 365 nm on a spectrophotometer (Peak Instruments, C7200S, USA).




2.6.2 Hydrogen peroxide

Specifically, the methods described by Alexieva et al. (2001) were used to determine H202 content. A 0.5-g sample of fresh leaves was taken and mixed with 5 mL of TCA, 2 mL of KI, and 100 mM KP buffer, and the absorbance at 390 nm was measured on a spectrophotometer (Peak Instruments, C7200S, USA).





2.7 Statistical analysis

Analysis of variance of data for all the parameters was calculated under a completely randomized design (CRD) with three replications and mean values by using CoStat-CoHort Software and Statistix 10 Analytical Software following Snedecor (1956) methodology. Graphical illustrations and diagrams were created using Sigma Plot and Microsoft Visio, while R was utilized for generating heatmaps, conducting principal component analysis (PCA), and analyzing correlations.





3 Results


3.1 Morphological characters

Sunflower plants with 75% FC and 50% FC exhibited significantly (p ≈ 0.0002) decreased SDW (33.83% and 51.07%, respectively), SFW (29.70% and 55.08%, respectively), PH (15.92% and 38.51%, respectively), NOB (23.45% and 47.60%, respectively), and NOL (32.32% and 60%, respectively), compared to 100% FC. For Se applications, all levels of Se (30, 60, and 90 ppm) resulted in increased NOL (22.50% to 104.61%), SDW (23.19% to 98.95%), and SFW (18.71% to 104.32%) compared to the control. The 90-ppm Se was highly effective compared to the 60-ppm Se, increasing the PBM by 92.83%, PDM by 92.76%, and plant height by 36.78%. For combined treatments under 75% FC, the best treatment was 75% FC × Se90. This combined treatment increased RDW, RFW, SFW, and SDW by 42.24%, 56.43%, 90.02%, and 92.00%, respectively (75% FC × Se0) (Table 3; Figures 2–4).


Table 3 | The statistical analysis (ANOVA) showing mean square values of Se applications on morpho-physiological attributes of sunflower during drought stress.






Figure 2 | Effect of Se foliar applications on the root dry weight (A), root fresh weight (B), shoot dry weight (C), and shoot fresh weight (D) of sunflower during drought stress (n=3, mean ± SE). The letters (A, B, C, D) represents the respective graph of the different parameters.






Figure 3 | Effect of Se foliar applications on the number of branches (A), number of leaves (B), root length (C), and shoot length (D) of sunflower during drought stress (n=3, mean ± SE). The letters (A, B, C, D) represents the respective graph of the different parameters.






3.2 Physiological characters

Drought stress resulted in the reduction of rWC (2.93%–9.6%) and sWC (2.54%–9.9%) during drought stress compared to control conditions at 50% FC–75% FC. The application of foliar Se (90 ppm) improved rWC and sWC by 0.76%–9.58% and 1.53%–6.57%, respectively, during drought stress (Figure 4). The plants subjected to drought conditions experienced a significant (p ≈ 0.0184) decrease in the amounts of Chla and Chlb and Car in their leaves. Total chlorophyll levels dropped by 27.18% to 49.42% in the leaves of plants that were affected by drought. Similarly, the amount of Car in plants treated with 75% FC and 50% FC dropped by 14.19% and 39.40%, respectively. The amounts of Chla, Chlb, and Car in plants improved when Se was applied in controlled or drought conditions. There was an 8.06%–25.81% rise in Chla, 9.09%–40.91% rise in Chlb, 9.82%–37.42% rise in TChl, and 5.86%–36.22% rise in chlorophyll ratio (75% FC × Se30, Se60, Se90) compared to respective controls (75% FC × Se0) (Table 3; Figure 5). When 90 ppm Se was applied to the plants during stress, the amount of Car increased by 3.37% to 24.27%.




Figure 4 | Effect of Se foliar applications on the plant height (A), shoot water content (B), plant biomass (C), root water content (D), and total dry matter (E) of sunflower during drought stress (n=3, mean ± SE). The letters (A, B, C, D) represents the respective graph of the different parameters.






Figure 5 | Effect of Se foliar applications on chlorophyll a (A), chlorophyll b (B), chlorophyll ratio (C), total chlorophyll (D), and carotenoids (E) content of sunflower during drought stress (n=3, mean ± SE). The letters (A, B, C, D) represents the respective graph of the different parameters.






3.3 Ions, selenium, and protein content

The results of the root and shoot Na+, K+, and Ca2+ ions analysis are presented in Figure 6 during 75% FC and 50% FC conditions without Se treatments. Na+ (24% to 50%), K+ (37.02% to 52.99%), and Ca2+ (24.58% to 56.97%) ion concentrations gradually decreased in roots. With further increase in Se treatment levels from 30 ppm to 90 ppm to the pots experiencing severe drought stress (50% FC), Na+ (6.82%–40.94%), K+ (15.38%–46.15%), and Ca2+ (17.86%–78.57%) ion concentrations gradually increased in roots. The highest concentration of Na+, K+, and Ca2+ was measured at 90 ppm Se with 75% FC during drought stress with an increase of 26.88%, 50%, and 61.29%, respectively, as compared to control (75% FC × Se0).

Analysis of ion content in shoots revealed that Na+, K+, and Ca2+ ion concentrations decline with the elevation of drought conditions. The minimum decline in concentration of Na+, K+, and Ca2+ ions was observed at 50% FC with a range of 65.09%, 61.91%, and 61.45%, respectively (Figure 6). During drought stress, Se application at different concentrations caused a further increase in ion concentrations in shoots compared to the control without Se. The highest Na+, K+, and Ca2+ ion content in shoots during drought stress was determined at 75% FC with 90 ppm Se treatment with an increase of 48.66%, 51.43%, and 93.14%, respectively (Table 3). The lowest amount of Na+, K+, and Ca2+ ions was observed at 50% FC × Se30 by 0.1%, 16.67%, and 15.00%, respectively.




Figure 6 | Effect of Se foliar applications on the shoot Na+ (A), shoot K+ (B), shoot Ca2+ (C), root Na+ (D), root K+ (E), and root Ca2+ (F) of sunflower during drought stress (n=3, mean ± SE). The letters (A, B, C, D) represents the respective graph of the different parameters.



In sunflower with 100% FC × Se0, the average Se content in shoot was 1.5 ppm, which decreased by 64.46% plants with 50% FC (Figure 7A). The ability of the sunflower to absorb Se was thus greatly influenced by the water availability. One possible explanation for the Se found in the untreated plants’ shoots is that the soil in which the sunflowers were grown naturally contains Se. The treatment with sodium selenate increased the Se content of shoots, with average increases of 23.62%, 66.23%, and 92.32% at 30, 60, and 90 ppm Se treatments, respectively, during 75% FC drought stress.




Figure 7 | Effect of Se foliar applications on the shoot selenium (A) and total soluble protein (B) content of sunflower during drought stress (n=3, mean ± SE). The letters (A, B, C, D) represents the respective graph of the different parameters.



Drought stress reduced Pro (Figure 7B) by 34.41% as compared to normal water supply. The lowest amount of Pro was observed at 50% FC × Se30, with a reduction of 104.85 as compared to control. The highest Pro (0.58 mg/g FW) content was observed in plants treated with 90 ppm Se during 100% FC. Nonetheless, there was a very strong interaction between the availability of Se and drought stress levels (Table 4). The water stressed plants (75% FC) with Se (90 ppm) had the highest Pro (0.40 mg/g FW) accumulation, which was 200.34% higher than the control treatments (75% FC × Se0).


Table 4 | The statistical analysis (ANOVA) showing mean square values of Se applications on biochemical and ionic attributes of sunflower during drought stress.






3.4 Secondary metabolites

The drought stress greatly increased the amounts of AsA, TP, Flv, and anthocyanins (Ant) in plants. It was observed that the amounts of TP, Flv, Ant, and AsA rose by 41.79%, 48.77%, 51.33%, and 57.06%, respectively, compared to the control plants. Using Se and drought together led to even higher levels of TP, Flv, and AsA in plants with 100% FC. In contrast, plants that were treated with 75% FC × Se90 showed increases of 24.66% in AsA, 42.43% in TP, 97.76% in Flv, and 51.85% in Ant compared to plants treated with 75% FC × Se0 (Figure 8). There was a 35.65% increase in TP and a 57.35% rise in Flv when 90 ppm of Se was applied during 50% FC drought stress. Meanwhile, Ant showed the best response, with a 99.41% rise in their content (Table 4) under the 50% FC × Se90 treatment.




Figure 8 | Effect of Se foliar applications on the anthocyanin (A), ascorbic acid (B), total phenols (C), and flavonoids (D) accumulation of sunflower during drought stress (n=3, mean ± SE). The letters (A, B, C, D) represents the respective graph of the different parameters.






3.5 Enzymatic antioxidants

Sunflower plants grown under various drought conditions exhibited lower levels of SOD, CAT, and POD activities. CAT activities decreased by 77.75%, SOD activities decreased by 54.30%, and POD activities decreased by 43.68% compared to the control plants during drought stress (Figure 9). Enzyme activities increased after Se foliar application, indicating the recovery of the antioxidant defense system. Relative to 100% FC plants, increases of 26.98%–103.83% for SOD, 33.18%–73.03% for POD, and 7.42%–39.63% for CAT were observed under application of 90 ppm Se (Table 4). However, in plants that were severely stressed by drought (50% FC), the application of 90 ppm Se positively enhanced enzyme activities, increasing CAT activity by 78.93%, POD activity by 113.33%, and SOD activity by 298.89%.




Figure 9 | Effect of Se foliar applications on SOD (A), POD (B), and CAT (C) activity of sunflower during drought stress (n=3, mean ± SE). The letters (A, B, C, D) represents the respective graph of the different parameters.






3.6 Osmoprotectants

Figure 10A shows that the highest GB content was 65.91% under controlled conditions (100% FC × Se90). When irrigation was reduced to 75% FC, the amount of GB decreased by 33.15% and it decreased by 57.10% under 50% FC drought stress compared to 100% FC. The lowest amount of GB was observed at 50% FC × Se30 with a reduction of 73.68% as compared to control (Table 4). However, the highest increase in GB during drought stress occurred at 75% FC × Se90 conditions compared with the other drought conditions. As illustrated in Figure 10A, there was a significant difference between Se levels in the form of GB; the amount of GB that increased at 75% FC (90 ppm Se) was 43.56% less than the GB content at 50% FC (90 ppm Se), which was equal to 189.47%. Nevertheless, the concentration of 90 ppm of Se proved most significant for osmoregulation, causing GB content to increase to 0.0029 µg/g DW.




Figure 10 | Effect of Se foliar applications on the GB (A) and H2O2 (B) content of sunflower during drought stress (n=3, mean ± SE). The letters (A, B, C, D) represents the respective graph of the different parameters.






3.7 Reactive oxygen species

The contents of H2O2 in the leaves of sunflower exhibited a significant rise in response to drought stress (Figure 10B). Increases of 15.23% and 33.30% in H2O2 content were observed at 75% FC and 50% FC, respectively, compared to control plants. However, Se application lowered these H2O2 levels. In combination with 75% FC × Se30, Se60, and Se90, a marked reduction of 6.56%, 13.11%, and 23.03%, respectively, was observed as compared to the 75% FC × Se0 (Table 4). The highest decrease in H2O2 (0.11 µmol/g FW) was observed in plants treated with 90 ppm Se application during 50% FC, which represented approximately a 21.30% reduction compared to 50% FC × Se0.




3.8 Heatmap

The heatmap (Figure 11) was constructed to analyze the relationships among morpho-physiological and biochemical parameters under different drought stress levels (DS0 = 100% FC, DS1 = 75% FC, and DS2 = 50% FC) and exogenously applied selenium (Se0 = 0 ppm, Se1 = 30 ppm, Se2 = 60 ppm, and Se3 = 90 ppm). The main cluster showed three distinct subclusters. In the first subcluster, there was a positive grouping among Ant, Flv, and TP at DS2 (Se2) and DS2 (Se3), while a negative association was observed at DS0 (Se0) and DS0 (Se1). Similarly, hydrogen peroxide showed a positive association at DS2 (Se0) and DS2 (Se1) while exhibiting a negative association at DS0 (Se2) and DS0 (Se3). In the second subcluster, plant ionic (SNa, RNa, SCa, SK, and RK), photosynthetic (TCHL, Chlb, and CHLR), and biochemical (AsA, CAT, and GB) showed a highly positive association at DS0 (Se3) and DS0 (Se2), while showing negative grouping at DS2 (Se0), DS2 (Se1), and DS2 (Se2). Similarly, in the same group, Pro, RDW, SDW, TDM, NOL, SFW, and PBM showed a highly positive association at DS0 (Se3), but a strong negative association at DS2 (Se0). In the third subgroup, rWC revealed a positive association at DS1 (Se3), DS0 (Se0), and DS0 (Se1), while sWC displayed a positive association at DS1 (Se3), Ds0 (Se2), and DS1 (Se0). Both rWC and sWC showed a negative association at DS2 (Se1).




Figure 11 | Heatmap showing interaction of morpho-physiological, biochemical, enzymatic, and nutrient attributes of sunflower during drought stress. Where the DS1 (100% FC), DS2 (75% FC), DS3 (50% FC), Se0 (0 ppm), Se1 (30 ppm), Se2 (60 ppm), Se3 (90 ppm), AA (Ascorbic acid), Ant (Anthocyanin), Car (Carotenoids), CAT (Catalase), Chla (Chlorophyll a), Chlb (Chlorophyll b), ChlR (Chlorophyll ratio), Flv (Flavonoids), GB (Glycine betaine), H2O2 (Hydrogen peroxide), NOB (Number of branches), NOL (Number of leaves), PBM (Plant biomass), PH (Plant height), POD (Peroxidase), Pro (Total soluble Protein), RCa (Root calcium), RDW (Root dry weight), RFW (Root fresh weight), RL (Root length), RK (Root potassium), rWC (root water content), RNa (Root sodium), SCa (Shoot calcium), SFW (Shoot fresh weight), SK (Shoot potassium), SL (Shoot length), sWC (shoot water content), SNa (Shoot sodium), SOD (Superoxide dismutase), SSe (Shoot selenium), TChl (Total chlorophyll), TDM (Total dry matter), and TP (Total phenolics).






3.9 Principal component analysis

The PCA biplot of morpho-physiological parameters showed two distinct clusters (Figure 12). In the first subcluster, rWC and sWC were strongly linked to each other at DS0 (Se0) and DS1 (Se2). Similarly, plant photosynthetic traits including Chla, Car, and TChl were strongly associated with RL, SL, RFW, and PH at DS0 (Se1) and DS1 (Se3). Secondly, the number of branches and leaves, as well as PBM, showed a positive association with SFW, SDW, RDW, and TDM at DS0 (Se2).




Figure 12 | PCA-Biplot of morpho-physiological attributes of sunflower during drought stress. Where the Car (Carotenoids), Chla (Chlorophyll a), Chlb (Chlorophyll b), ChlR (Chlorophyll ratio), DS1 (100% FC), DS2 (75% FC), DS3 (50% FC), NOB (Number of branches), NOL (Number of leaves), PBM (Plant biomass), PH (Plant height), RDW (Root dry weight), RFW (Root fresh weight), RL (Root length), rWC (root water content), SDW (Shoot dry weight), Se0 (0 ppm), Se1 (30 ppm), Se2 (60 ppm), Se3 (90 ppm), SFW (Shoot fresh weight), SL (Shoot length), sWC (shoot water content), TChl (Total chlorophyll), and TDM (Total dry matter).



The PCA biplot of biochemical, enzymatic, and nutrient attributes showed four isolated clusters (Figure 13). H2O2 was strongly linked at DS2 (Se1), while AsA and CAT were positively linked with root and shoot Na+ at DS0 (Se2). Similarly, TP was strongly linked to Flv and Ant at DS2 (Se3). Additionally, SOD POD, GB, and Pro showed a strong association with root Ca2+ and shoot Ca2+ and K+ linked at DS1 (Se3).




Figure 13 | PCA-Biplot of biochemical, enzymatic, and nutrient attributes of sunflower during drought stress. Where the AA (Ascorbic acid), Ant (Anthocyanin), CAT (Catalase), DS1 (100% FC), DS2 (75% FC), DS3 (50% FC), Flv (Flavonoids), GB (Glycine betaine), H2O2 (Hydrogen peroxide), POD (Peroxidase), Pro (Total soluble protein), RCa (Root calcium), RK (Root potassium), RNa (Root sodium), SCa (Shoot calcium), Se0 (0 ppm), Se1 (30 ppm), Se2 (60 ppm), Se3 (90 ppm), SK (Shoot potassium), SNa (Shoot sodium), SOD (Superoxide dismutase), SSe (Shoot selenium), and TP (Total phenolics).






3.10 Correlation

Correlations between morpho-physiological and biochemical traits are exhibited in Figure 14. H2O2 showed a positive correlation with TP, Ant, and Flv, while exhibiting a strong negative correlation with growth parameters (RL, SL, PH, RFW, RDW, SFW, SDW, NOL, and NOB), ionic contents (root and shoot Ca2+, K+, Na+, and SSe ions), photosynthetic parameters (Chla, Chlb, Car, TChl, and ChlR), and AsA, GB, CAT, and Pro. Root Na+, ChlR, AsA, CAT, and Chla showed strong negative correlation with H2O2, AsA, Ant, and Flv, while rWC and sWC are positively associated with factors such as RFW, SFW, Pro, and TDM. Conversely, they are negatively correlated with H2O2, indicating that lower oxidative stress is linked to higher water content. This suggests that maintaining cellular health and managing stress responses are crucial for optimal water retention in plants. Overall, plant photosynthetic pigments and ionic contents were positively correlated with growth parameters.




Figure 14 | Correlation plot of morpho-physiological, biochemical, enzymatic, and nutrient attributes of sunflower during drought stress, where the AA (Ascorbic acid), Ant (Anthocyanin), Car (Carotenoids), CAT (Catalase), Chla (Chlorophyll a), Chlb (Chlorophyll b), ChlR (Chlorophyll ratio), Flv (Flavonoids), GB (Glycine betaine), H2O2 (Hydrogen peroxide), NOB (Number of branches), NOL (Number of leaves), PBM (Plant biomass), PH (Plant height), POD (Peroxidase), Pro (Total soluble protein), RCa (Root calcium), RDW (Root dry weight), RFW (Root fresh weight), RK (Root potassium), RL (Root length), RNa (Root sodium), rWC (root water content), SCa (Shoot calcium), SDW (Shoot dry weight), SFW (Shoot fresh weight), SK (Shoot potassium), SL (Shoot length), SNa (Shoot sodium), sWC (shoot water content), SOD (Superoxide dismutase), SSe (Shoot selenium), TChl (Total chlorophyll), TDM (Total dry matter), and TP (Total phenolics).







4 Discussion

Plants grown in pots that were not receiving sufficient water exhibited significantly shorter roots and shoots, as well as reduced fresh and dry weights. Shoots showed fewer signs of dwarfism compared to roots, likely due to their direct exposure to the drought and other environmental factors. According to Zia et al. (2021), drought conditions may prolong the cell cycle period, negatively affecting both cell division and cell extension, thereby impairing root and shoot growth. Inadequate root growth can reduce nutrient accessibility for shoots, consequently leading to poor shoot development.

According to an earlier study by Ahmad et al. (2020) on Brassica napus L. and Camelina sativa L., roots and plants exhibited reduced growth when they were exposed to drought. Nevertheless, Se supplementation in our study helped drought-stressed plants grow better. This improvement could be due to Se’s beneficial effects on carbohydrate metabolism, which supports plant growth. Furthermore, our research revealed that Se enhanced overall photosynthetic efficiency, leading to increased carbohydrate production and ultimately better growth (Wang et al., 2023b). Previous studies have also observed a comparable enhancement in growth when applying Se to Oryza sativa L (Yin et al., 2019), Solanum tuberosum L (Zhang et al., 2019), and Lactuca sativa plants (Shalaby et al., 2017) under abiotic stress.

We have shown that sunflowers retain a high level of rWC and sWC even in drought conditions. The observed reduction in rWC and sWC in this experiment can be attributed to a cellular water deficit resulting from a transpiration rate that exceeds water intake. The impact of Se on sWC did not show a significant effect (p = 0.538) in reducing drought stress. However, its influence on rWC was significantly different (p ≈ 0.22) from sWC. Song et al. (2024) observed that Se improved water content and reduced transpirational loss in tomato. Bocchini et al. (2018) examined that the Se supplementation improved the water balance in Zea mays L. when exposed to drought and high salinity stress. Nazim et al. (2023) observed that the application of Se enhanced the levels of soluble proteins and free amino acids, improved water usage efficiency, and enhanced many physiological parameters in sunflower plants. Comparable results have been shown in sweet potato (Huang et al., 2020), rice (Ghouri et al., 2022), wheat (Sardari et al., 2022), and tobacco (Han et al., 2022). According to Fan et al. (2022), Se enhanced root development and growth while decreasing transpiration rate during water stress and increasing water content. rWC was found to positively correlate with PBM, amount of chlorophyll, RL, and antioxidant activity in the present study.

This study shows that water stress lowers the amount of Chl and Car in plants. However, supplementing sunflowers with Se lowered the adverse effects of drought conditions. The drop in leaf carotenoid level during drought could be because oxidative stress causes more chlorophyll degradation or reduces chlorophyll biosynthesis (Dhami and Cazzonelli, 2020). A common effect of drought stress is a drop in photosynthetic pigments. It is a frequently observed phenomena that the decrease in photosynthetic pigments under drought stress serves as a sensitive indicator of the metabolic condition of cells (Li et al., 2020).

It was found by Mathobo et al. (2017) that drought stress reduced the amount of Chla and Chlb in leaves. On the other hand, adding Se to the pots caused the amount of carotenoids to increase. Drought-stressed sunflower plants accumulated more Chl and Car when 5 µM Se (selenate) was applied, as reported by Hawrylak-Nowak et al. (2015). According to Liu et al. (2023), Se helps tomato plants deal with drought stress by controlling the antioxidant defense mechanisms within the chloroplasts linked to an increase in the photochemical activity of photosystem-II (PS-II).

In this study, drought stress greatly reduced the number of ions like Na+, K+, and Ca2+ in the sunflower roots and shoots (Figure 6). Se regulates the uptake and transfer of these essential ions, and it may help to activate antioxidants that lower ROS levels, enabling plants to better survive within stress conditions (Azeem et al., 2023). Adding Se to the plant improved the levels of Na+ and K+, but it had a lower effect on the levels of Ca2+ in the roots and shoots compared to other ions. These results agree with Zembala et al. (2010), who observed a gradual rise in the distribution of macro- and microelement in wheat plants through exogenous Se treatment under cadmium stress. Rasool et al. (2023) found that Se regulates the ion channels to prevent ion toxicity and maintain a steady K+/Na+ ratio in the plant.

When Se combined with other essential micronutrients like silicon (Si) (Ghouri et al., 2022) and molybdenum (Mo) (Al-Jaberi et al., 2019), or macronutrients like chloride (Cl−) (Franco-Navarro et al., 2021), magnesium (Mg2+) (Ahmed et al., 2023), and nitrate (NO3−) (Lei et al., 2018), it can further improve drought tolerance and plant productivity. Si strengthens cell walls and reduces transpiration, Mg2+ is vital for chlorophyll production and enzyme activation, and K maintains osmotic balance and enzyme activation, enhancing water retention and stress resistance. Mo supports nitrogen metabolism and stress response, while NO3− is crucial for protein synthesis and growth, supporting plant development during drought stress (Singhal et al., 2023). Recent studies have also proposed Cl− as a beneficial macronutrient that, like Se, contributes to improving drought tolerance by influencing leaf cell size, stomatal conductance, plant water conservation, nutrient use efficiency (NUE), and overall drought tolerance (Franco-Navarro et al., 2016; Rosales et al., 2020; Franco-Navarro et al., 2021). Future research should focus on the integrated application of these nutrients with Se, their molecular mechanisms, and field trials to optimize nutrient management strategies under drought conditions.

The K+ is a primary nutrient in drought-stressed plants, aiding in osmoregulation, water uptake, cell expansion, stomatal opening, transpiration flow, and photosynthesis. Jiang et al. (2017) observed a rise in Z. mays L. K+ levels when supplemented with Se. Furthermore, compared to organic metabolites, it is a cost-effective osmoprotectant. Lu et al. (2021) note that Na is an effective osmoprotectant that is typically accumulated within the vacuole to reduce cell injuries. Concentrations of Na and K are good indicators of a plant’s ability to handle drought. For instance, Haghighi et al. (2016) investigated the variation in internal CO2 caused by the effect of Se on the uptake of K+, which alters stomatal opening and subsequently causes internal CO2 to fluctuate depending on the quantity of Se used.

Our results revealed that adding supplementary Se had significant effects on the concentrations of Na+, K+, and Ca2+ in sunflower. Se might affect how well nutrients are absorbed because it influences ion accumulation in plant cells by interacting with the plasmalemma and cellular metabolic processes. Se may change the permeability rate of plasmatic membrane for some ions, which could alter the circulation of other ions within plants. Wu et al. (2014) discovered that during drought stress, the contents of Na+ and K+ in three different varieties of Beta vulgaris L. either decreased or did not change during drought stress, which is in contradiction to our findings.

When we applied Se to the leaves of plants under different types of drought conditions, the treatment with 90 ppm Se resulted in the highest concentration of Se in the shoots compared to the control (Figure 7A). In 2017, Mroczek-Zdyrska et al. (2017) found that the addition of Se to the soil increased the amount of Se in Vicia faba L. plants and found a strong correlation between the amount of Se in shoots and glutathione peroxidase (GSH-Px) activity. Our findings are comparable to those of Yadav et al. (2023) in wheat; they suggested that plants can accumulate excessive Se when there is less moisture in the soil. Although applying Se to the leaves of stressed plants slightly increased the amount of Se in their stems, this could be because Se has higher antioxidant activity. As Se is more readily available in low-precipitation conditions, our results are in line with the findings of Nawaz et al. (2015) in wheat, who proposed that soil moisture influences the availability of Se to plants. According to Mounicou et al. (2006), sunflowers are not Se accumulators, meaning they cannot store a large amount of the element in their tissues. However, foliar spray was an effective way for the plant to absorb Se.

Water stress conditions led to an increase in the uptake and accumulation of Se. The highest amount of Se was found in plants that were both water-stressed and received supplementary Se through foliar application. The observed increase may be attributed to the higher antioxidant activity exhibited by Se in comparison to the control (Zahedi et al., 2021). Additionally, Mroczek-Zdyrska et al. (2017) observed that soil Se fertilization raised the concentration of Se in V. faba L. seedlings and reported a strong positive association between SSe concentration and GSH-Px activity. These findings align with those of Yadav et al. (2023) in wheat, who suggested that plant availability of Se is influenced by soil moisture, with plants having more accessibility to Se at a lower precipitation rate in the surroundings.

It is normal for plants to accumulate secondary metabolites like Ant, AA, TP, and Flv when they are subjected to unfavorable conditions. The rise in secondary metabolites in sunflower plants during drought is because these substances may assist with reduction of membrane lipid peroxidation and eliminate ROS (Rasheed et al., 2022). Phenolic substances work as an intermediary ROS acceptor in the cell and transform into phenoxyl radicals to protect cells from damage in stressful situations like drought (Hasanuzzaman et al., 2020). Phenylalanine, a precursor to phenolic compounds, is among the many amino acids that are positively impacted by selenium. Se also increases polyphenols by stimulating the phenylpropanoid biosynthesis pathway (Wang et al., 2023a). Se treatment leads to a noticeable increase in total phenol content in O. sativa L (Chauhan et al., 2017). and Malus domestica (Groth et al., 2020). In this context, these responses can be seen as important indicators of specific signals, changes in the secondary metabolism, and activation of defense-related responses, suggesting that Se may help plants become highly tolerant to drought.

This study also found that applying Se led to an increase in Pro content (Figure 7B). This finding is similar to that of Habibi (2017), who found that applying Se to sunflower plants during drought stress led to a significant rise in Pro level. The drop (47.24%) in Pro is because the rate of protein formation slows down and more proteins break down during drought stress, which is needed to produce low-molecular-weight osmolytes for osmotic adjustment, also known as osmoregulation (Michaletti et al., 2018). Higher protease activities may cause the concentration of Pro decrease in water-stressed seedlings. This is consistent with research by Bocchini et al. (2018) and Luo et al. (2021), which found that plants lose water and develop low-molecular-weight Pro instead of high-molecular-weight Pro. They also concluded that biochemical factors such as total protein, soluble sugars, and free amino acids all change when plants are under water-deficient conditions. In contrast to our findings, Mohammed (2018) found that increased nitrate reductase activity and free amino acids were responsible for the rise in Pro levels in sunflower plants treated with Se.

During this study, GB showed a wide range of responses, and the lack of water had a considerable impact on it. Most of the GB was found in dryland (75% FC) (Figure 10A), which is similar to the results of Mohtashami et al. (2023) on canola, where drought conditions increased the GB content. This contrasts with the findings of Ahmed et al. (2019) on wheat, where they found that GB content decreased under water-limited conditions. Lanza and Reis (2021) state that using Se in small amounts is beneficial for plants because it speeds up biological processes under both controlled and stressed conditions. As shown in Table 4, the results of this study also indicated that applying Se directly to the leaves of water-stressed sunflower plants increased the amount of GB. However, the increase was not very significant.

According to Sehar et al. (2021), adding Se to plants during drought stress increased the plants’ ability to adjust to changes in osmotic tension and also protected them from ROS production by directly inhibiting the formation of hydroxyl radicals and singlet oxygen. The results showed that GB could improve membrane integrity by increasing the removal of ROS and decreasing lipid peroxidation. This would protect subcellular organelles from the damage caused by drought. According to Sita et al. (2023), GB regulates antioxidant enzymes to modify H2O2 accumulation, preserving cell membrane integrity and improving nutrient accumulation. Higher levels of GB and antioxidant enzyme activities induced by external Se in water-limiting situations demonstrate an association between the antioxidant system and GB deposition. Yazdandoost Hamedani et al. (2019) demonstrated that Se supplementation improved the GB level in sunflower seedlings, which subsequently improved the water status of stressed plants. On the other hand, Mansour and Ali (2017) suggested that GB buildup is not an adaptive response, but only a sign of stress. Our current research has shown that Se-treated plants have increased GB activity, indicating a possible connection with better membrane integrity and, consequently, enhanced nutrient accumulation. Furthermore, in dryland conditions (75% FC and 50% FC), we observed decreased GB levels and amplified the activities of CAT, POD, and SOD compared with 100% FC conditions.

When a plant is stressed by drought, its metabolism responds through the production of ROS. Owing to high ROS (H2O2) generation in water-restricted conditions, these enzymes may have been activated. Semida et al. (2023) reported that Se can regulate the plant’s water content when it is hydrated, suggesting that it may defend the plant by enhancing root water absorption. The antioxidant properties of Se help plants grow and thrive, particularly under stressed conditions. Higher rates of POD and CAT activity (Figures 9B, C respectively) in water-stressed plants may be a way for plants to respond in adverse conditions. Rasheed et al. (2021) suggested that plants’ low POD activity might not be able to handle stress because lipid peroxidation reduces membrane permeability.

The results of Khalofah et al. (2021) in Chenopodium quinoa are consistent with the higher activation/levels of CAT, POD, and SOD seen in this investigation and in Kaur and Sharma (2018) in wheat. When Se was applied to cauliflower during drought stress, Hachmann et al. (2019) observed comparable outcomes and reported an increase in antioxidant activity. The appropriate amounts of Se cause O2− to spontaneously change into H2O2 or allow Se molecules to directly quench O2− and OH−. High amounts of H2O2 are reduced in plants grown under stressed conditions by activating antioxidants, especially H2O2 quenchers like GSH-Px (Lanza and Reis, 2021). By altering plant metabolism, such as antioxidant activity, Rady et al. (2020) suggested that using Se or micronutrients alone, but not together, can mitigate the harmful effects of drought stress. However, high amounts of Se in aerial spray could damage the leaf surface and reduce the activity of POD.




5 Conclusion

The current study focuses on how applying Se to the leaves of sunflowers can alter their morphology, function, and biochemistry during drought stress. Depending on the Se treatments, the sunflower exhibited a broad spectrum of responses. Spraying sunflowers with 30–90 ppm pure Se (Na2SeO4) under various drought stress conditions caused Se accumulation in the plants. Based on the above results, we can conclude that applying Se directly to the leaves of sunflower plants greatly increased their ability to absorb certain nutrients (Se, Na+, K+, and Ca2+). This was achieved by maintaining the plants’ turgidity and enhancing their physio-biochemical activities, regardless of water availability. The amount of Se in the shoots of drought-stressed plants increased from almost nothing to 93.86% when Se was applied to the leaves. In addition, it raised the production of GB and Pro by 74.46% and 68.63%, respectively. It also decreased the production of ROS by 20.89% because CAT (49.87%), POD (100.20%), and SOD (157.63%) activities were significantly improved. On the other hand, secondary metabolites such as Ant, Flv, TP, and AA levels increased during drought stress by 83.73%, 73.16%, 39.34%, and 25.51%, respectively, without any signs of Se toxicity in plants. Based on our data, our hypothesis was correct, and these results also suggest that this method could help improve the growth of Se-enriched sunflowers under water-deficient conditions. However, to determine the molecular pathways responsible for these modifications, additional research is required.
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