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Abstract

:

Magnesium nutrition in plants has remained largely unexplored compared to other essential elements. Although the impact of magnesium deficiency on plants has been reported from numerous studies, the responses of plants to excess magnesium salt levels have received less attention. Using five different magnesium levels (0, 500, 1000, 1500, and 2000 ppm) and two magnesium sources (MgSO4 and MgCl2), this study evaluated the effect of excess magnesium salts on rice production and associated physiological processes on a hybrid rice cultivar ‘XP 753’. Rice morphological and physiological parameters, including plant growth, biomass, root morphological features, tissue and grain mineral concentrations, membrane injury (MI), chlorophyll, malondialdehyde (MDA) concentrations, proline concentrations, as well as gas exchange parameters, were evaluated. A dose-dependent reduction in above- and below-ground shoot and root morphological features was observed under the application of magnesium salts on the soil substrate. Analysis of physiological parameters demonstrated that an inhibition in plant growth, biomass, and yield was due to the decrease in total chlorophyll content, net photosynthesis rate, and membrane stability in rice. Furthermore, this study showed that the application of magnesium salts to soil interfered with the uptake and translocation of minerals and significantly increased reactive oxygen species (ROS), malondialdehyde (MDA), and proline levels, indicating the toxic effects of excess magnesium salts on rice plants.
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1. Introduction


Magnesium (Mg) is an essential nutrient for plant growth and development, and it plays a crucial role in many physiological processes and enzyme functions. It has a central role in chlorophyll formation, metabolism of carbohydrates, and cell membrane stabilization. Magnesium is also pivotal for the function of numerous cellular enzymes, including adenosine triphosphatases (ATPases), RNA polymerases, phosphatases, protein kinases, glutathione synthase, and carboxylases [1,2,3]. More importantly, maintaining Mg homeostasis is essential in plants as the activities of a number of chloroplast enzymes are also strongly impacted by slight changes in the levels of Mg2+ ions in the cytosol and the chloroplast [4,5]. Although Mg is one of the most abundant available minerals on earth, it is highly prone to leaching because Mg2+ ions, the only available form of Mg for plant absorption, have the largest hydrated radius compared to other divalent cations [1,6]. Moreover, Mg2+ absorption is also impacted by the addition of excessive K+ and NH4+ fertilizers in soil, causing Mg deficiencies in plants [7,8]. Although the responses of the plants to Mg deficiency have been well reported, the opposite, excess soil Mg levels, has not been well studied.



It is obvious that the status of Mg content in the plant cell affects the cellular metabolism, impacting various phenotypic and physiological parameters. Excess cellular Mg2+ leads to the substitution of Ca2+ and K+, causing an impairment in cell wall stability and cell membrane permeability [9,10]. The surplus presence of Mg salt in the media had a toxic effect on the radicles of Kalidium capsicum, and the unhealthy radicle symptoms from excess Mg were different from the osmotic effect caused by the supply of polyethylene glycol (PEG) in the media [11]. In bean plants (Phaseolus vulgaris L.), the application of 120 mM MgCl2 and MgSO4 salt to the soil decreased shoot and root biomass by 4.3- and 6.0-fold, respectively, indicating the toxic effect of Mg salt to the plants [12]. Moreover, muskmelon shoot growth was severely reduced by MgCl2 and MgSO4 salts compared to the sodium (Na+) salt, suggesting crops might be more sensitive to magnesium salts than sodic salts [13]. Furthermore, oversupply of Mg drastically increased the transport of metabolites from sources to sink tissues, negatively impacting the abundance of metabolites in tomato fruits [14,15]. In rice, excess magnesium present in a culture solution not only limited the shoot growth to 54–67% of that in the control but also slightly reduced Ca and K contents in the tissue [16].



Plants responses to environmental stresses including excess magnesium salt depend upon the magnitude and the duration of stress. It is known that environmental stresses, such as salt, drought, UV, and nutrient deficiencies, induce the production of reactive oxygen species (ROS) [17,18]. Elevated production of ROS leads to damage in the cell at the molecular level, which is known as oxidative stress [19]. The excess ROS are subsequently converted to their most stable forms, including hydrogen peroxide (H2O2), via cellular machinery. Some of the potential downstream effects of the overaccumulation of ROS in plant cells include elevated malondialdehyde (MDA) production, reduced soluble sugar, and reduced leaf chlorophyll content [20,21]. Plants have developed an array of cellular responses to overcome the deleterious effects of ROS overaccumulation. One such response includes the production of free proline, which plays a major role in resistance to environmental stress. Proline not only participates in osmotic adjustment but also functions as enzyme protectants, free radical scavenger, and cell redox balancer [22,23].



Rice (Oryza sativa L.) is one of the most widely consumed cereal grains in the world and is the staple food of more than half of the global population. Soil analysis reports of rice fields in Texas, U.S.A., indicated elevated levels of Mg element (Supplementary Table S1). However, studies on the effect of excess magnesium supply on rice production and its associated biochemical and physiological processes have been rarely reported. We hypothesized that high Mg supply may impair nutrient uptake and carbon assimilation in rice plants by altering enzyme functions, ultimately reducing crop growth and grain yield. Therefore, the aim of this study is to characterize the impact of an excess supply of magnesium salt in rice production and the underlying physiological processes. To manifest this goal, a greenhouse trial was conducted using two magnesium sources, magnesium sulfate (MgSO4) and magnesium chloride (MgCl2), and a hybrid rice cultivar (‘XP 753’).




2. Materials and Methods


2.1. Trial 1: Biomass and Yield Analysis


A greenhouse trial was conducted from September 2020 to February 2021 at the Texas A & M AgriLife Research Center near Beaumont Texas. The soil for this study was collected from a rice field at the research center. The collected soil was a League clay soil (fine, montmorillonitic, Entic Pelludert) constituting 28% silt, 58% clay, 1.2% organic matter, and pH 5.5. The experiment was arranged in a completely randomized design with two Mg sources (MgSO4 vs. MgCl2) and five Mg concentrations (0, 500, 1000, 1500, and 2000 ppm). The trial was conducted using polyethylene pots (22 cm diameter, 22 cm deep) filled with 3.5 kg of air-dried soil with four replications per treatment. Before transplanting into soil, the seeds of a hybrid rice cultivar ‘XP 753’ were incubated at 25 °C for 48 h in petri dishes with moist filter paper. Six pre-germinated seedlings were transplanted to each pot and then pots were thinned to three rice plants 12 days after planting. Each pot was occasionally irrigated until a permanent flood was established 25 days after planting. A depth of 3 cm of standing water above the surface of the soil was maintained in each pot until drainage before harvest.



For biomass analysis, above- and below-ground tissues were harvested at the maximum tillering stage. Harvested tissues were carefully washed using tap water and were dried in an oven at 65 °C for 3 d, and their respective dry weights were recorded. For yield and yield component analysis, plants were manually harvested, the harvested rice bundles were dried, and above-ground dry biomass was recorded. Yield components, including grain yield per plant, number of grains per plant, and 1000-grain weight, were measured.



Gas exchange measurements were performed on the uppermost fully expanded leaves of the main tiller in a rice plant at the maximum tillering stage using an LI-6400 portable photosynthesis system (LI-COR Inc., Lincoln, NE, USA). The rate of net CO2 assimilation was assessed at 25 °C, 400 μmol CO2 mol−1 under 1500 μmol m−2 s−1 light between 10:00 a.m. and 12:00 p.m. local time. Following photosynthetic measurements, the leaf area was recorded and used for standardization.



The Soil Plant Analysis Development (SPAD) readings were also measured on the two uppermost fully expanded leaves of the main tiller in a rice plant at the maximum tillering stage using a SPAD 502 Chlorophyll Meter (Minolta, Osaka, Japan). Two SPAD readings were taken from each leaf, and two plants were randomly selected from each pot.



The harvested biomass and grain tissues were dried at 65 °C for 2 d. Tissue samples, equivalent to 1 g (gm) dry weight, were then ground with a mechanical grinder. Following grinding, the plant’s minerals (B, Ca, Fe, K, Mg, Mn, Na, P, S, and Zn) were determined via inductively coupled plasma (ICP) spectrometry (Spectro Analytical Instruments Inc., 1 Executive Dr Ste 101, Chelmsford, MA, USA) using nitric acid digestion method [24].




2.2. Trial 2: Root Morphology Anlaysis


Pre-germinated seedlings, three per pot, were placed in vertical soil pots containing different levels of Mg salts. The pots were thinned to one rice plant per pot at 10 days, and the plants were grown for an additional two weeks. At the end of the trial, rice roots were harvested, washed properly with tap water, and root morphology features were measured using WinRHIZO 2012a (Regent Instruments, Inc., Quebec, QC, Canada).




2.3. Trial 3: Germination and Hypocotyl Elongation


For the germination experiment, rice seeds were directly placed in soil pots containing different levels of magnesium salts and grown under greenhouse conditions for seven days. The number of germinated seedlings was counted at 4, 5, 6, and 7 days after sowing.




2.4. Trial 4: Stress Evaluation Experiemnt


Pre-germinated seedlings, three per pot, were placed in small soil pots containing different levels of Mg salts. The pots were thinned to one rice plant per pot two weeks after transplanting, and the plants were grown for an additional two weeks. The shoot tissues were harvested at the end of the trial. Tissues were then washed immediately using deionized water, frozen in liquid nitrogen, and stored at −80 °C. The frozen tissues were later ground in liquid nitrogen and were used for the following physiological assays.



For total H2O2 content, 100 mg frozen shoot tissue sample was mixed with 1.0 mL of 50 mM potassium phosphate (K-PO4) (pH 7) and incubated on ice for 10 min. Following centrifugation at 4 °C for 20 min at 4640× g, the supernatant was used for H2O2 content evaluation. An aliquot of the supernatant (200 µL) was mixed with 200 µL of 0.1% Titanium Chloride (TiCl4) in 20% H2O2 (v/v) and incubated at room temperature for 5 min. The solution was then centrifuged at 4640× g for 10 min at room temperature, and the absorbance was recorded at 410 nm using a microplate reader. The H2O2 content in the tissue was calculated using the extinction coefficient (e = 0.28 µ mol−1 cm−1) [25].



Total chlorophyll was extracted using 3 mL of 100% methanol from 50 mg of pulverized leaf tissues on ice. The solution was centrifuged at 4 °C for 20 min at 4640× g. Using a microplate reader, the absorbance of the supernatant was measured at 652.0 nm and 665.2 nm [26].



Lipid peroxidation was analyzed with the thiobarbituric acid (TBA) test, which measures malondialdehyde (MDA) as an end product of lipid peroxidation [27]. Frozen tissue (50 mg) was extracted in 1 mL of 80% (v/v; 13.7 M) ethanol on ice. The supernatant (0.5 mL) was centrifuged at 4640× g for 10 min at 4 °C and mixed with 0.5 mL of 20% (w/v; 1.22 M) trichloroacetic acid containing 0.65% (w/v; 0.05 M) thiobarbituric acid. The mixture was incubated at 95 °C for 30 min and then immediately cooled on ice. The mixture was later centrifuged at 4640× g for 10 min at 4 °C, and the absorbance of the supernatant was quantified at 532 nm, subtracting the value for non-specific absorption at 600 nm. The MDA concentration was calculated from the extinction coefficient of 155 mM−1 cm−1.




2.5. Statistical Analysis


Statistical analyses were performed in RStudio Version 1.4.1717. One-way ANOVA was conducted in R to evaluate the effect of magnesium salt sources on plant growth, biomass, yield, root parameters, and other associated physiological processes. The comparison between the mean values was carried out using Fisher LSD test using Agricolae package in R (https://cran.r-project.org/package=agricolae, accessed on 24 August 2023) [28].





3. Results


3.1. Germination and Hypocotyl Elongation


Germination and hypocotyl elongation experiments were conducted to determine the effect of excess Mg supply at the rice seed and seedling stages. Excess magnesium supply reduced seed germination, starting at a concentration of 500 ppm; however, the germination was severely reduced at higher Mg doses, such as 1500 ppm and 2000 ppm (Figure 1a,b). At lower concentrations (500 ppm), the germination was reduced by 56% and 12%, respectively, for MgCl2 and MgSO4 salts compared to non-stress conditions (Figure 1c). At the highest Mg dose (2000 ppm), seed germination was reduced by 84% for MgSO4 salt, and no seed germination was observed under MgCl2 salt (Figure 1c). Similar to the germination, the hypocotyl elongation was also significantly reduced with an additional supply of magnesium to the substrate (Figure 1d). The reduction in hypocotyl growth was minimal at a low Mg concentration (500 ppm); however, at a high concentration, 1500 ppm, the hypocotyl growth was reduced by 62% and 85% for MgSO4 and MgCl2 salts, respectively (Figure 1d). No elongation was observed at the highest Mg dose, 2000 ppm. Interestingly, the effect of MgCl2 on seed germination and hypocotyl elongation was more pronounced compared to the MgSO4 salt at any dose.




3.2. Early Vegetative Growth and Biomass


Both sources of magnesium salt caused a dose-dependent reduction in the number of tillers, shoot biomass, and root biomass (Figure 2b). The number of tillers per plant reduced from an average of 5.2 per plant under non-stress control conditions to approximately 3.0 and 1.4 tillers per plant at the highest Mg level (2000 ppm) for MgSO4 and MgCl2, respectively (Figure 2a). Similar to the tiller number per plant, shoot and root biomass were reduced from 16 gm and 12 gm per plant under non-stress conditions to 7.0 gm and 2.3 gm per plant, respectively, at the highest Mg level (2000 ppm) for both Mg salts (Figure 2c,d). Interestingly, under excess soil Mg supply, the shoot biomass was reduced by two-fold, whereas the root biomass was reduced by more than three-fold.




3.3. Root Morphology


The impact of excess magnesium salt on root morphological parameters was analyzed on soil-grown rice plants using WinRhizo Pro 2012 (Figure 3a). Maximum root depth, average root diameter, total root surface area, and total root volume were reduced by excess magnesium supply (Figure 3). The root depth was reduced by more than 40% due to the addition of magnesium salts to the soil, from 28 cm under normal conditions to an average of 16 cm under the higher magnesium salt levels, 1500 and 2000 ppm (Figure 3b). Similarly, root surface area and root volume were reduced by an average of 85% and 86%, respectively, due to the addition of magnesium salts (Figure 3c,d). Interestingly, only MgCl2 salt had an impact on rice root diameter (Figure 3e). The root diameter was reduced by more than two-fold with the addition of MgCl2 to the soil; however, the effect was not observed with MgSO4 salt treatment (Figure 3e). Altogether, consistent with the previous observations, magnesium chloride salt had a more pronounced effect on rice root morphological features, such as root depth, root surface area, root volume, and root diameter, than magnesium sulfate salt.




3.4. Tissue Mineral Contents


The addition of magnesium salts altered mineral contents in both roots and shoots. Magnesium salt application on soil caused a dose-dependent increase in root Mg concentrations (Figure 4). The root Mg concentration in roots was approximately 1100 ppm under non-treated conditions and was increased by more than three-fold at the highest Mg dose, 2000 ppm. Similarly, nitrogen percentage in roots increased from 1.1% from normal conditions to 1.57% under the highest 2000 ppm dose of MgCl2 salt; however, root N level was not significantly enhanced by the addition of MgSO4 salt. Moreover, our analysis showed that root calcium and copper levels were also significantly increased, whereas iron level was significantly decreased by the addition of magnesium salts on the soil (Figure 4). Surprisingly, no significant change in root potassium, sodium, zinc, or manganese content was observed under magnesium salt treatment.



Similar to the root, the addition of magnesium salts to the soil induced changes in shoot mineral contents (Figure 5). The Mg concentration in shoots increased by more than 1.5-fold at the highest Mg dose (2000 ppm). Shoot Mg level increased from 2100 ppm under control conditions to 3100 ppm and 3600 ppm under the highest dose (2000 ppm) of MgCl2 and MgSO4, respectively. Similarly, shoot N level was also increased by the application of both magnesium salts, MgSO4 and MgCl2, to the soil. MgSO4 salt treatment increased shoot N level from 2.2% under control conditions to 2.58% and 3.1% for 1500 and 200 ppm, respectively. Furthermore, shoot N level also increased from 1.9% under control to 3.1% and 3.5%, respectively, for 1500 and 2000 ppm of MgCl2 salt. In contrast to root, the shoot potassium concentration increased from 32,000 ppm under control conditions to 39,000 and 40,000 ppm at the highest dose (2000 ppm) application of MgSO4 and MgCl2 salts, indicating the positive impact of magnesium salts on shoot potassium content. Moreover, our analysis showed that shoot copper level was also significantly increased, whereas sodium level was significantly decreased by the addition of magnesium salts on the soil. No significant change in shoot phosphorus, calcium, or iron content was observed under the application of either magnesium salt treatment.




3.5. Yield and Biomass


Excess magnesium salt supply caused a significant decrease in total grain yield, above-ground biomass, and grain number per plant (Figure 6). The grain yield decreased from an average of 11 gm per plant under control conditions to 2.2 gm and 4.4 gm per plant under the 2000 ppm dose of MgCl2 and MgSO4, respectively (Figure 6a). Similar to yield, the addition of Mg salt on soil resulted in a dose-dependent reduction in above-ground biomass. The total above-ground biomass reduced from 23.0 gm per plant under control conditions to 16.5 gm and 11.3 gm per plant under 1500 ppm and 2000 ppm doses of MgCl2, respectively (Figure 6b). Similarly, with MgSO4 salt treatment, the biomass per plant was also reduced from 23.0 gm per plant under control conditions to 20.7 gm to 14.3 gm per plant under 1500 and 2000 ppm of MgSO4 salt, respectively (Figure 6b). Although no significant change was observed for 1000-grain weight under magnesium salt treatment (Figure 6c), the grain number per plant significantly decreased from 490 to 165 and 251 for MgCl2 and MgSO4, respectively, under the highest dose, 2000 ppm, of Mg salt (Figure 6d).



We further evaluated the effect of magnesium salt treatment on grain mineral contents (Figure 7). Unlike tissue nitrogen content, grain nitrogen content decreased from 2.3% under normal conditions to 2.1% and 1.8% for MgCl2 and MgSO4, respectively, under the highest dose, 2000 ppm, of magnesium salt. Surprisingly, no significant change in grain magnesium content was observed for either source, MgCl2 and MgSO4, of magnesium salts. Similarly, soil magnesium application did not alter other grain mineral concentrations, including phosphorus, potassium, sodium, zinc, iron, and manganese. However, grain copper, sulfur, and calcium concentrations were significantly increased under magnesium salt treatment.




3.6. Photosynthesis, SPAD, Total Chlorophyll Content, and Membrane Damage


Net photosynthesis rates in rice were significantly reduced by the excess supply of magnesium salts to the soil (Figure 8a). A nominal reduction in net photosynthesis was observed under lower doses of magnesium salts; however, at higher magnesium concentrations, net photosynthesis was significantly reduced by 16% and 13%, respectively, for 2000 ppm MgCl2 and MgSO4 (Figure 8a). Although no significant change in leaf SPAD readings was observed in this study (Figure 8b), total chlorophyll content decreased significantly with the addition of magnesium salt on soil (Figure 8c). The total chlorophyll content decreased by 12% and 14% at the highest salt dose, 2000 ppm, for MgSO4 and MgCl2, respectively. On the other hand, membrane relative injury was significantly increased by the addition of magnesium salt in the soil (Figure 8d). Leaf cell membrane damage was induced by 39% and 68%, respectively, for 1500 and 2000 ppm of MgCl2. Similarly, membrane damage was induced by 26% and 42% for 1500 and 2000 ppm of MgSO4 salt.




3.7. ROS, Free Proline, and Membrane Lipid Peroxidation (MDA)


The application of magnesium salt stimulated a dose-dependent significant increase in the reactive oxygen species (ROS), as measured using the H2O2 assay (Figure 9a). Compared to the non-treated conditions, the addition of magnesium salts on soil enhanced tissue hydrogen peroxide by more than two-fold. Similarly, magnesium salt treatment to soil significantly induced lipid peroxidation, as measured using MDA (Figure 9b) and free proline levels (Figure 9c) in rice leaf tissues.





4. Discussion


Soil salinity is a major abiotic stress restricting the use of land for agriculture because it limits the growth and development of most crop plants [15,29,30]. Improving productivity under these physiologically stressful conditions is a major scientific challenge because salinity has different effects at different developmental stages in different crops [31]. Using a commercial hybrid rice cultivar, ‘XP 753’, this study evaluated the impact of elevated magnesium soil salinity on rice production, physiology, and grain mineral contents.



Our results indicate that rice plants cultivated with excess levels of magnesium salts show a significant reduction in growth parameters in the ‘XP 753’ rice variety. Rice plants cultivated under magnesium salts demonstrated a significant dose-dependent reduction in seed germination, hypocotyl elongation, tiller number per plant, crop biomass, and final grain yield. Furthermore, the application of magnesium salt demonstrated a significant reduction in root morphological parameters, including root depth, root surface area, and root volume, implying the toxic effect of excess Mg on rice root growth. Despite a significant reduction in root features, the rice variety was able to maintain nutrient absorption from the soil, as indicated by the root and shoot mineral concentrations. This is consistent with the previous results demonstrated in rice and soybean plants under magnesium fertilization. Magnesium supply supported nitrogen uptake in soybean by differentially regulating the expression of the nitrate transporter gene (NRT2.1/2.2) [32]. Similarly, magnesium fertilization in soil augmented N fertilizer recovery in rice by inducing high fertilizer N uptake [33]. However, it is worth mentioning that these studies were conducted under magnesium-deficient conditions. Our study showed an increase in root nitrogen uptake in rice, even under high magnesium conditions, indicating that excess magnesium supply may not interfere with the uptake and translocation of nitrogen in plants. Furthermore, this study also showed that excess magnesium supply enhanced shoot potassium (K) concentrations. Previous studies have demonstrated a moderate synergistic to antagonistic interaction between potassium and magnesium uptake in plants. An increase in K concentration in plants significantly reduced Mg concentrations in both shoots and roots [7]. Nonetheless, an increase in Mg concentration in roots tends to improve root to shoot K translocation [7], indicating moderate synergistic effects between Mg and K. In contrast, Kobayashi et al. [16] demonstrated induced root K contents and reduced shoot K content with elevated MgCl2 levels, suggesting the inhibitory effect of magnesium on root to shoot K translocation. The synergistic effect between Mg supply and shoot K content observed in this study may indicate the regulatory roles of potassium in alleviating magnesium toxicity in this hybrid rice variety.



It has been widely recognized that the presence of salt, such as magnesium salt, on a substrate upregulates the production of reactive oxygen species (ROS) in plants in a number of ways [17,18,34]. An overaccumulation of ROS leads to unwanted oxidative damage in plants, consequently impacting chlorophyll biosynthesis, leaf membrane stability, and photosynthetic activities [19,35,36]. The results presented in this paper demonstrate that elevated Mg salt doses increased hydrogen peroxide (H2O2) contents, MDA concentrations, and relative membrane injury and decreased net photosynthesis and chlorophyll content, indicating Mg toxicity in rice plants. Proline accumulation is a well-known resistance response to salt stress in plants [23,37]. Nguyen et al. [38] found that an improvement in salinity resistance was attributed to the accumulation of proline in Nipponbare rice. Similarly, Zheng et al. [39] found that exogenous application of proline resulted in an improvement in salinity resistance in Eurya emarginata. These positive impacts are mainly driven by enhanced nutrient and water acquisition and by improving antioxidant activities and K+ accumulation by plants. The present data show a dose-dependent increase in free proline in the shoots of rice plants treated with excess Mg. Such a high proline accumulation could help the rice plants to avoid the potentially toxic impact of excess Mg; this beneficial effect of proline was manifested as no leaf burning or plant death and continuous plant growth until the maturity stage.




5. Conclusions


Recent soil analysis reports of rice fields in Texas showed very high levels of magnesium salts. Being a central atom in the chlorophyll molecule, an adequate supply of magnesium to the substrate is essential for smooth photosynthetic activities. Nevertheless, this study revealed that magnesium salinity caused dose-dependent biomass and growth restriction by depleting chlorophyll contents and limiting the net CO2 assimilation in rice plants. Moreover, the toxic impact of magnesium salt, even at concentrations such as 500 and 1000 ppm presented in this paper, suggests a revisit to the previous recommendation regarding magnesium fertilization for field crops including rice. Furthermore, future studies to identify tolerant rice genotypes and/or best management practices, including the application of calcium and potassium fertilizers, to overcome the inhibitory effect of excess magnesium salt are critical to address the concerns of Texas rice farmers.
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Figure 1. Excess Mg reduced germination and hypocotyl elongation in rice. (a,b) Photos of germinated rice seeds exposed to different levels of magnesium salts. (a(i,ii)) Seeds were directly sown on soil treated with 0, 500, 1000, 1500, and 2000 ppm concentration of magnesium salts. Photographs were taken at 7 DAS. (b(i,ii)) Seeds were sown in petri dishes with wet filter papers containing 0, 500, 1000, 1500, and 2000 ppm of magnesium salts. Images were taken five days after incubation. (c) Germination percentage of rice seeds grown under different levels of magnesium salts. (d) Hypocotyl elongation of rice seeds incubated under different levels of magnesium salts. Data represents means ± SE. Different letters (a, b, c, d, e, and f) indicate significant differences between means (n = 20, Fisher LSD test at α = 0.05). 
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Figure 2. Excess Mg reduced tiller number and crop biomass in rice. (a) Tiller no. of rice plants grown under different levels of magnesium salts. (b) Photos of rice plants exposed to different concentrations of magnesium sulfate salts. (c,d) Shoot and root biomass of rice plants grown under different levels of magnesium salts. Data represent means ± SE. Different letters (a, b, c, d, e, and f) indicate significant differences between means (n = 3, Fisher LSD test at α = 0.05). 
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Figure 3. Effect of magnesium salt input on rice root morphological features. (a) Scanned images of rice roots exposed to 0 ppm, 1500 ppm, and 2000 ppm of magnesium salts. (b–e) Root morphology of ‘XP 753’ rice grown under different concentrations of magnesium salts. Data represent means ± SE. Different letters (a and b) indicate significant differences between means (n = 3, Fisher LSD test at α = 0.05). 
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Figure 4. Effect of magnesium salt treatment on root mineral contents. Data represent means ± SE. Different letters (a, b, and c) indicate significant differences between means (n = 3, Fisher LSD test at α = 0.05). 
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Figure 5. Effect of magnesium salt treatment on shoot mineral contents. Data represent means ± SE. Different letters (a, b, c, and d) indicate significant differences between means (n = 3, Fisher LSD test at α = 0.05). 






Figure 5. Effect of magnesium salt treatment on shoot mineral contents. Data represent means ± SE. Different letters (a, b, c, and d) indicate significant differences between means (n = 3, Fisher LSD test at α = 0.05).



[image: Sustainability 15 15741 g005]







[image: Sustainability 15 15741 g006] 





Figure 6. Impact of excess magnesium salt on yield and yield parameters in a rice variety ‘XP 753’. Data represent means ± SE. Different letters (a, b, c, d, e, and f) indicate significant differences between means (n = 3, Fisher LSD test at α = 0.05). 






Figure 6. Impact of excess magnesium salt on yield and yield parameters in a rice variety ‘XP 753’. Data represent means ± SE. Different letters (a, b, c, d, e, and f) indicate significant differences between means (n = 3, Fisher LSD test at α = 0.05).



[image: Sustainability 15 15741 g006]







[image: Sustainability 15 15741 g007] 





Figure 7. Effect of magnesium salt treatment on grain minerals contents. Data represent means ± SE. Different letters (a, b, c, and d) indicate significant differences between means (n = 3, Fisher LSD test at α = 0.05). 
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Figure 8. Effect of magnesium salt doses on (a) net photosynthesis, (b) SPAD reading, (c) membrane stability, and (d) total chlorophyll content. Data represent means ± SE. Different letters (a, b, c, d, and e) indicate significant differences between means (n = 3, Fisher LSD test at α = 0.05). 






Figure 8. Effect of magnesium salt doses on (a) net photosynthesis, (b) SPAD reading, (c) membrane stability, and (d) total chlorophyll content. Data represent means ± SE. Different letters (a, b, c, d, and e) indicate significant differences between means (n = 3, Fisher LSD test at α = 0.05).



[image: Sustainability 15 15741 g008]







[image: Sustainability 15 15741 g009] 





Figure 9. Effect of magnesium salt doses on (a) ROS, (b) MDA, and (c) proline contents. Data represent means ± SE. Different letters (a, b, and c) indicate significant differences between means (n = 3, Fisher LSD test at α = 0.05). 
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