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Abstract

:

The impact of heavy metal, i.e., cadmium (Cd), on the growth, photosynthetic pigments, gas exchange characteristics, oxidative stress biomarkers, and antioxidants machinery (enzymatic and non-enzymatic antioxidants), ions uptake, organic acids exudation, and ultra-structure of membranous bounded organelles of two rice (Oryza sativa L.) genotypes (Shan 63 and Lu 9803) were investigated with and without the exogenous application of ferrous sulfate (FeSO4). Two O. sativa genotypes were grown under different levels of CdCl2 [0 (no Cd), 50 and 100 µM] and then treated with exogenously supplemented ferrous sulfate (FeSO4) [0 (no Fe), 50 and 100 µM] for 21 days. The results revealed that Cd stress significantly (p < 0.05) affected plant growth and biomass, photosynthetic pigments, gas exchange characteristics, affected antioxidant machinery, sugar contents, and ions uptake/accumulation, and destroy the ultra-structure of many membranous bounded organelles. The findings also showed that Cd toxicity induces oxidative stress biomarkers, i.e., malondialdehyde (MDA) contents, hydrogen peroxide (H2O2) initiation, and electrolyte leakage (%), which was also manifested by increasing the enzymatic antioxidants, i.e., superoxidase dismutase (SOD), peroxidase (POD), catalase (CAT) and ascorbate peroxidase (APX) and non-enzymatic antioxidant compounds (phenolics, flavonoids, ascorbic acid, and anthocyanin) and organic acids exudation pattern in both O. sativa genotypes. At the same time, the results also elucidated that the O. sativa genotypes Lu 9803 are more tolerant to Cd stress than Shan 63. Although, results also illustrated that the exogenous application of ferrous sulfate (FeSO4) also decreased Cd toxicity in both O. sativa genotypes by increasing antioxidant capacity and thus improved the plant growth and biomass, photosynthetic pigments, gas exchange characteristics, and decrease oxidative stress in the roots and shoots of O. sativa genotypes. Here, we conclude that the exogenous supplementation of FeSO4 under short-term exposure of Cd stress significantly improved plant growth and biomass, photosynthetic pigments, gas exchange characteristics, regulate antioxidant defense system, and essential nutrients uptake and maintained the ultra-structure of membranous bounded organelles in O. sativa genotypes.
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1. Introduction


Metal contamination issues are becoming increasingly common in China and elsewhere, with many documented cases of metal toxicity in mining industries, foundries, smelters, coal-burning power plants, and agriculture [1,2,3,4,5]. Heavy metal accumulation in soils is of great concern in agricultural production due to its adverse effects on food safety and marketability, crop growth due to phytotoxicity, and the environmental health of soil organisms [6,7,8,9,10]. In addition, heavy metal contamination of soil may pose risks and hazards to humans and the ecosystem through: Direct ingestion or contact with contaminated soil, the food chain (soil-plant-human or soil-plant-animal human), drinking of contaminated groundwater, reduction in food quality (safety and marketability) via phytotoxicity, reduction in land usability for agricultural production causing food insecurity, and land tenure problems [11,12]. Heavy metals include cadmium (Cd), lead (Pb), nickel (Ni), cobalt (Co), iron (Fe), zinc (Zn), chromium (Cr), iron (Fe), arsenic (As), silver (Ag) and the platinum group elements. Contamination of agricultural soils with Cd has become one of the most toxic and widespread environmental problems [13]. Cd is mainly entered into the ecosystem through human activities such as agricultural practices and mining activities [14,15]. The regulatory limit of Cd in agricultural soil is 100 mg kg−1 soil [10]. Photosynthesis, respiration, cell division, water relations, opening and closing of stomata, nitrogen metabolism, and mineral nutrition are the main metabolic processes within the plants, which are negatively affected by Cd stress [16,17]. Although Cd is toxic for plant growth, it is easily taken by the roots and then transported to the shoots where it can cause retorted growth, stunted root development, reduce branching, alteration in photosynthesis and respiration, diminished nutrient uptake, blocked electron transport chain as well as changed the membrane permeability [1,18,19,20,21,22]. The inhibition of root Fe(III) reductase induced by Cd led to Fe(II) deficiency, and it seriously affected photosynthesis [10,23]. Moreover, higher Cd retention in plant cells/tissues triggers the production of reactive oxygen species (ROS), hydroxyl groups (OH), and superoxide radicles (O·−), which either directly or indirectly affects the in planta metabolic pathways [14,24,25]. Over-production of ROS is toxic, and plants need to scavenge those immediately through an antioxidative defense system [14,26]. Previously, antioxidative enzymes played a significant role in the reduction of Cd phytotoxicity in Glycine max [21], Solanum lycopersicum [27], Pfaffia glomerata [28], Oryza sativa [29], Boehmeria nivea [20], and Zea mays [30] grown under excessive Cd concentrations.



Heavy metals are natural components of the terrestrial ecosystem. However, their presence in excess is harmful to humans and the environment. Therefore, remediation is necessary to alleviate the negative effects caused by the heavy metals incorporated into ecosystems [3,31,32]. Research has been continuing to develop effective methods of remediation to treat contaminated lands. Remediation could be done by immobilization, removal, sequestration, active mixing, and phytoextraction [33,34,35]. However, selection and applicability of the remediation methods depend on a number of factors, including cost, duration of effectiveness, commercial level availability, general acceptance, applicability to high metal contents, and applicability to mixed metal and organic wastes as well as toxicity, mobility, and volume reduction [36,37]. Heavy metal toxicity can be minimized by reducing their availability using organic and inorganic amendments [12,38]. Different types of iron (Fe) fertilizer can have distinct effects on Cd accumulation [39]. For example, Shao et al. [40] found that the application of chelated Fe (EDTANa2Fe) markedly decreased Cd concentration in shoots, roots, and grain, while the application of ionic Fe (FeSO4) significantly enhanced the Cd concentration in shoots and roots. Thus, the selection of appropriate Fe fertilizer and application methods is important for improving growth and reducing Cd accumulation in rice [41]. On the other hand, Fe is an essential micronutrient, and its deficiency can reduce the growth, yield, and nutritional quality of agricultural crops worldwide [38,42]. Many studies have used soil-applied Fe fertilizer to improve plant growth and Cd metabolism in crops [38,43], which may be affected by pH and Eh conditions, antagonism among nutrients, and other confounding chemistries occurring in soils. In addition, previous studies have demonstrated that the application of Fe fertilizer can be more effective for enhancing yield and photosynthesis in crops [23,44]. However, few studies have compared the efficiency of chelate vs. ion and ferrous vs. ferric Fe fertilizer on Cd mitigation in Oryza sativa [45,46].



Rice (Oryza sativa L.) is the seed of the grass species Oryza glaberrima (African rice) or Oryza sativa (Asian rice), and as a cereal grain, it is the most widely consumed staple food for a large part of the world’s human population, especially in Asia and Africa [40,44]. It is an agricultural commodity with the third-highest worldwide production (O. sativa was 741.5 million tonnes in 2014), after Saccharum officinarum (1.9 billion tonnes) and Zea mays (1.0 billion tonnes) [47]. O. sativa is a monocot, is normally grown as annual plant, although in the tropical regions it can survive as a perennial and can produce a ratoon for up to 30 years. Moreover, O. sativa cultivation is well-suited to countries and regions with low labor costs and high rainfall, as it is labor-intensive to cultivate and requires ample water [42,44,48,49]. O. sativa is ranked the second most important cereal crop after wheat worldwide, and China is one of the leading countries for rice production [44,50]. It was reported that Cd can be readily taken up by O. sativa and translocated to shoot and then to grains [45,46,51] and O. sativa is the staple food for more than half of the world’s population. Thus, Cd can enter into the food chain through O. sativa consumption, even at low Cd concentrations in the soils, and cause toxicities to humans [44,51,52,53]. In short, O. sativa grown on Cd-contaminated soils challenges food production and quality. Therefore, there is an increasing demand for Cd minimization in rice for the agro-environmental sustainability of world rice production and food safety. However, application of crop residues, manure, compost, fertilizers, micronutrients, and biochars are among organic amendments commonly used under Cd stress [33,38,46]. Selection of low Cd-accumulating O. sativa cultivars, crop rotation, planting patterns, water management, application of microbes, and soil types among others, have been successfully employed in reducing Cd uptake by rice [51,53]. Hence, the objective of the present study is to demonstrate the Cd toxicity, tolerance mechanisms, and especially management measures (using Fe fertilizer) for the alleviation of Cd phytotoxicity in O. sativa. For this purpose, we designed a hydroponic experiment to study (I) the role of exogenous application of FeSO4 on growth and biomass, (II) oxidative stress and antioxidant responses (III) ion uptake and organic acids exudation pattern, and (IV) ultra-structure alterations in the cellular organelles in two Cd-stressed O. sativa genotypes, i.e., Shan 63 and Lu 9803. The results from the present study gave a new insight that the use of FeSO4 in heavy metals studies may be beneficial and can improve plant yield under Cd-contaminated soil.




2. Materials and Methods


2.1. Experimental Setup


In our previous study, we screened 10 genotypes of rice (Oryza sativa L.) under the same levels of Cd stress in a hydroponic environment and found that Shan 63 was sensitive while Lu 9803 was resistant to Cd stress [44]. The seeds of both of these genotypes were surface sterilized with (0.1%) bleaching powder for 10–20 min and washed gently with deionized water and sown in trays. After the emergence of the second leaf, uniform-sized seedlings were transferred to the plastic tubs (4L in volume), which had the Hoagland’s solution (nutrient solution). The chemical composition of Hoagland’s solution used in this study is presented in Table 1. Freshly/newly prepared Hoagland’s solution was changed after every 3 days, and all the plants were monetarized daily. The plastic tubs (label) were arranged at completely randomized design (CRD) with 4 replications with 4 genotypes in a plastic tub (having nutrients solution), and the temperature of the growth chambers (100 W, Guangdong PHILIPS Co., Guangdong, China) was set at 27/30 °C day/night with 70% relative humidity. The pH of all the treatments used in this study was adjusted between 5.5 and 6.5 by using NaOH or HCl during the entire experiment. This hydroponic study was conducted in the growth chambers (under an artificial environment) of Huazhong Agricultural University Wuhan, China (114.20′ E, 30.28′ N). All seedlings were placed under artificial (white) light for 12 h daily. During the entire experiment, we did not observe any symptoms of waterlogging in both genotypes of O. sativa. The emerging seedlings remained in the nutrient solution with the treatments of Cd and Fe for 24 days (with 21 days of treatments) and after that time all seedlings were wrapped for various morpho-physio and biochemical traits. All chemicals used were of analytical grade, procured from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).




2.2. Treatments


After 3 days of shifted O. sativa genotypes, all seedlings were treated with various levels of Cd and Fe in the nutrient solution. Cd concentration was provided by using CdCl2 at different levels [0 (no Cd), 50 and 100 µM], while Fe concentration was provided by using ferrous sulfate (FeSO4) [0 (no Fe), 50 and 100 µM] in the Hoagland’s nutrient solution for 21 days. For each genotype, there was a total of 9 various levels of Cd and Fe and these levels were as follows: (1) 0 µM Cd + 0 µM Fe; (2) 0 µM Cd + 50 µM Fe; (3) 0 µM Cd + 100 µM Fe; (4) 50 µM Cd + 0 µM Fe; (5) 50 µM Cd + 50 µM Fe; (6) 50 µM Cd + 100 µM Fe; (7) 100 µM Cd + 0 µM Fe; (8) 100 µM Cd + 50 µM Fe and (9) 100 µM Cd + 100 µM Fe.




2.3. Morphological Traits and Data Collection


The plants were harvested on 15th August 2018 (21 days after the treatment) for the analysis of various morphological parameters. Leaves from each treatment group were picked for chlorophyll, carotenoid, and antioxidant analysis. A fully functional leaf was harvested for the various enzymatic and pigment studies. The leaves were washed with distilled water, placed in liquid nitrogen, and stored at −80 °C for further analysis. The plants from each treatment were washed with tap water to remove debris and waste, and then with distilled water. The morphological measurements, such as total plant length, root length, shoot fresh weight, root fresh weight, shoot dry weight, and root dry weight, were also measured after harvesting the plants. Total plant length was measured from the top of the leaf tips to the bottom of the roots, and root length was also measured in the same way. Plant fresh weight was determined by measuring the weight of the plant with a digital weighting balance. The plant samples were oven-dehydrated at 65 °C for 72 h for Cd and ions concentration determination and the total plant dry weight was also measured. Before being oven-dried, roots were immersed in 20 mM Na2EDTA for 15–20 min to remove Cd adhered to the surface of roots. Then, roots were washed thrice with distilled water and finally once with deionized water and dried for further analysis.




2.4. Determination of Photosynthetic Pigments and Gas Exchange Parameters


Leaves were collected for the determination of chlorophyll and carotenoid contents. For chlorophylls, 0.1 g of fresh leaf sample was extracted with 8 mL of 95% acetone for 24 h at 4 °C in the dark. The absorbance was measured by a spectrophotometer (UV-2550; Shimadzu, Kyoto, Japan) at 646.6, 663.6, and 450 nm. Chlorophyll content was calculated by the standard method of Arnon [54].



Gas exchange parameters were also measured during the same days. Net photosynthesis (Pn), leaf stomatal conductance (Gs), transpiration rate (Ts), and intercellular carbon dioxide concentration (Ci) were measured from 3 different plants in each treatment group. Measurements were conducted between 11:30 and 13:30 on days with a clear sky. Rates of leaf Pn, Gs, Ts, and Ci were measured with a LI-COR gas-exchange system (LI-6400; LI-COR Biosciences, Lincoln, NE, USA) with a red-blue LED light source on the leaf chamber. In the LI-COR cuvette, CO2 concentration was set as 380 mmol mol−1 and LED light intensity was set at 1000 mmol m−2 s−1, which was the average saturation intensity for photosynthesis in O. sativa [55].




2.5. Determination of Oxidative Stress Indicators


The degree of lipid peroxidation was evaluated as malondialdehyde (MDA) contents. Briefly, 0.1 g of frozen leaves were ground at 4 °C in a mortar with 25 mL of 50 mM phosphate buffer solution (pH 7.8) containing 1% polyethene pyrrole. The homogenate was centrifuged at 10,000× g at 4 °C for 15 min. The mixtures were heated at 100 °C for 15–30 min and then quickly cooled in an ice bath. The absorbance of the supernatant was recorded by using a spectrophotometer (xMark™ Microplate Absorbance Spectrophotometer; Bio-Rad, Hercules, CA, USA) at wavelengths of 532, 600, and 450 nm. Lipid peroxidation was expressed as 1 mol g−1 by using the formula: 6.45 (A532 − A600) − 0.56 A450. Lipid peroxidation was measured by using a method previously published by Heath and Packer [56].



To estimate H2O2 content of plant tissues (root and leaf), 3 mL of sample extract was mixed with 1 mL of 0.1% titanium sulfate in 20% (v/v) H2SO4 and centrifuged at 6000× g for 15 min. The yellow color intensity was evaluated at 410 nm. The H2O2 level was computed by the extinction coefficient of 0.28 mmol−1 cm−1. The contents of H2O2 were measured by the method presented by Jana and Choudhuri [57].



Stress-induced electrolyte leakage (EL) of the uppermost stretched leaves was determined by using the methodology of Dionisio-Sese and Tobita [58]. The leaves were cut into minor slices (5 mm length) and placed in test tubes having 8 mL distilled water. These tubes were incubated and transferred into a water bath for 2 h prior to measuring the initial electrical conductivity (EC1). The samples were autoclaved at 121 °C for 20 min and then cooled down to 25 °C before measuring the final electrical conductivity (EC2). Electrolyte leakage was calculated by the following formula;


EL = (EC1/EC2) × 100












2.6. Determination of Antioxidant Enzyme Activities


To evaluate enzyme activities, fresh leaves (0.5 g) were homogenized in liquid nitrogen and 5 mL of 50 mmol sodium phosphate buffer (pH 7.0), including 0.5 mmol EDTA and 0.15 mol NaCl. The homogenate was centrifuged at 12,000× g for 10 min at 4 °C, and the supernatant was used for measurement of superoxidase dismutase (SOD) and peroxidase (POD) activities. SOD activity was assayed in 3 mL reaction mixture containing 50 mM sodium phosphate buffer (pH 7), 56 mM nitro blue tetrazolium, 1.17 mM riboflavin, 10 mM methionine, and 100 μL enzyme extract. Finally, the sample was measured by using a spectrophotometer (xMark™ Microplate Absorbance Spectrophotometer; Bio-Rad). Enzyme activity was measured by using a method by Chen and Pan [59] and expressed as U g−1 FW.



POD activity in the leaves was estimated by using the method of Sakharov and Ardila [60] by using guaiacol as the substrate. A reaction mixture (3 mL) containing 0.05 mL of enzyme extract, 2.75 mL of 50 mM phosphate buffer (pH 7.0), 0.1 mL of 1% H2O2, and 0.1 mL of 4% guaiacol solution was prepared. Increases in the absorbance at 470 nm because of guaiacol oxidation was recorded for 2 min. One unit of enzyme activity was defined as the amount of the enzyme.



Catalase (CAT) activity was analyzed according to Aebi [61]. The assay mixture (3.0 mL) was comprised of 100 μL enzyme extract, 100 μL H2O2 (300 mM), and 2.8 mL 50 mM phosphate buffer with 2 mM ETDA (pH 7.0). The CAT activity was measured from the decline in absorbance at 240 nm as a result of H2O2 loss (ε = 39.4 mM−1 cm−1).



Ascorbate peroxidase (APX) activity was measured according to Nakano and Asada [62]. The mixture containing 100 μL enzyme extract, 100 μL ascorbate (7.5 mM), 100 μL H2O2 (300 mM), and 2.7 mL 25 mM potassium phosphate buffer with 2 mM EDTA (pH 7.0) was used for measuring APX activity. The oxidation pattern of ascorbate was estimated from the variations in wavelength at 290 nm (ε = 2.8 mM−1 cm−1).




2.7. Determination of non-Enzymatic Antioxidants, Sugars, and Proline Contents


Plant ethanol extracts were prepared for the determination of non-enzymatic antioxidants and some key osmolytes. For this purpose, 50 mg of dry plant material was homogenized with 10 mL ethanol (80%) and filtered through Whatman No. 41 filter paper. The residue was re-extracted with ethanol, and the 2 extracts were pooled together to a final volume of 20 mL. The determination of flavonoids [63], phenolics [64], ascorbic acid [65], anthocyanin [66], and total sugars [67] was performed from the extracts.



Fresh leaf material (0.1 g) was mixed thoroughly in 5 mL aqueous sulphosalicylic acid (3%). The mixture was centrifuged at 10,000× g for 15 min, and an aliquot (1 mL) was poured into a test tube having 1 mL acidic ninhydrin and 1 mL glacial acetic acid. The reaction mixture was first heated at 100 °C for 10 min and then cooled in an ice bath. The reaction mixture was extracted with 4 mL toluene, and test tubes were vortexed for 20 s and cooled. Thereafter, the light absorbance at 520 nm was measured by using a UV–VIS spectrophotometer (Hitachi U-2910, Tokyo, Japan). The free proline content was determined on the basis of the standard curve at 520 nm absorbance and expressed as µmol (g FW) −1 [68].




2.8. Determination of Nutrient Contents


For nutrient analysis, plant roots and shoots were washed twice in redistilled water, dipped in 20 mM EDTA for 3 s, and then, again, washed with deionized water twice for the removal of adsorbed metal on the plant surface. The washed samples were then oven-dried for 24 h at 105 °C. The dried roots and shoots were digested by using a wet digestion method in HNO3: HClO4 (7:3 V/V) until clear samples were obtained. Each sample was filtered and diluted with redistilled water up to 50 mL. The root and shoot contents of Fe, Mg, and P and were analyzed by using Atomic Absorption Spectrophotometer (AAS) model Agilent 240FS-AA.




2.9. Root Exudates Analysis and Cd Contents


In order to determine the concentration of organic acids, freeze-dried exudates were mixed with ethanol (80%), and 20 μL of the solutions were injected into the C18 column (Brownlee Analytical C-183 µm; length 150 mm × 4.6 mm2). Quantitative analysis of organic acids in root exudates was executed with high-performance liquid chromatography (HPLC), having a Flexer FX-10 UHPLC isocratic pump (PerkinElmer, Boston, MA, USA). The mobile phase used in HPLC was comprised of an acidic solution of aceto-nitrile containing aceto-nitrile:H2SO4:acetic acid in ratios of 15:4:1, respectively, and pH of 4.9. The samples were analyzed at a flow rate of 1.0 mL min−1 for a time period of 10 min. The inner temperature of the column was fixed at 45 °C, and quantification of organic acids was carried out at 214 nm wavelength with the help of a detector (UV–VIS Series 200, Boston, MA, USA) as described by UdDin et al. [69]. Freeze-dried samples were dissolved in redistilled water, and the pH of the exudates was recorded with LL micro-pH glass electrode by using a pH meter (ISTEK Model 4005–08007 Seoul, South Korea).



Finely ground samples were digested with pure HNO3 at 190 °C for 45 min (10 min pre-heating, 15 min heating, 20 min cooling) in a microwave oven (Mars 6, CEM Corporation, Matthews, NC, USA) with the settings described in details by Jezek et al. [70]. Samples were diluted with 2% HNO3 and determined by atomic absorption spectrophotometer (AAS) model Agilent 240FS-AA.




2.10. Transmission Electron Microscopy


For TEM, leaf samples were collected and placed in liquid nitrogen. Small sections of the leaves (1–3 mm in length) were fixed in 4% glutaraldehyde (v/v) in 0.2-mol/L SPB (sodium phosphate buffer, pH 7.2) for 6–8 h and post-fixed in 1% OsO4 for 1 h, then in 0.2-mol/L SPB (pH 7.2) for 1–2 h. Samples were dehydrated in a graded ethanol series (50%, 60%, 70%, 80%, 90%, 95%, and 100%) followed by acetone, filtered, and embedded in Spurr resin. Ultra-thin sections (80 nm) were prepared and mounted on copper grids for observation under a transmission electron microscope (JEOL TEM-1200EX) at an accelerating voltage of 60.0 kV or 80.0 kV.




2.11. Statistical Analysis


Statistical analysis of data was performed with analysis of variance (ANOVA) by using a statistical program Co-Stat version 6.2, Cohorts Software, 2003, Monterey, CA, USA. All the data obtained were tested by two-way analysis of variance (ANOVA). Thus, the differences between treatments were determined by using ANOVA, and the least significant difference test (p < 0.05) was used for multiple comparisons between treatment means. Logarithmic or inverse transformations were performed for data normalization, where necessary, prior to analysis. Pearson’s correlation analysis was performed to quantify relationships between various analyzed variables. The graphical presentation was carried out by using Origin-Pro 2017. The Pearson correlation (heat-map) coefficients between the measured variables of O. sative were also calculated using the Rstudio software.





3. Results


3.1. Effect of Exogenous Application of FeSO4 on Plant Growth and Photosynthetic Measurements in O. sativa Genotypes under Toxic Concentrations of Cd


In this study, we elucidated various growth parameters, photosynthetic pigments, and gas exchange characteristics under the various levels of FeSO4 in Cd-polluted nutrient solution in O. sativa genotypes. We presented the various morphological traits of O. sativa genotypes in Figure 1 and photosynthetic pigments and gas exchange characteristics in Figure 2, which were grown in Cd-polluted environment under the application of various levels of FeSO4. Our results depicted that all total plant length, root length, shoot fresh weight, root fresh weight, shoot dry weight, root dry weight, chlorophyll contents, carotenoid contents, net photosynthesis, stomatal conductance, transpiration rate, and intercellular CO2 were decreased with the increase in the Cd levels (50 and 100 µM) in the nutrient solution when compared with the plants grown without the addition of Cd in the nutrient solution in both O. sativa genotypes (Figure 1 and Figure 2). In addition, results from the present study also showed that Lu 9803 showed more tolerance/resistance to the Cd stress in the nutrient solution compared to Shan 63 at all levels of Cd-stressed environment in the nutrients solution. We also noticed that various growth parameters, photosynthetic pigments, and gas exchange characteristics could be increased under the toxic concentration of Cd in the nutrient solution by the exogenous application of FeSO4 (Figure 1 and Figure 2). In addition, results also showed that exogenous application with FeSO4 increased all growth parameters, photosynthetic pigments, and gas exchange characteristics in both genotypes of O. sativa, compared to those plants that were grown without the exogenous application with FeSO4 in the nutrient solution.




3.2. Effect of Exogenous Application of FeSO4 on Oxidative Stress Indicators in O. sativa Genotypes under Toxic Concentrations of Cd


Oxidative stress markers, i.e., malondialdehyde (MDA) contents, hydrogen peroxide (H2O2) initiation, and electrolyte leakage (%) in the roots and leaves of O. sativa genotypes grown in toxic concentration of Cd in the nutrient solution, were also measured in the present study. The results regarding MDA, H2O2, and EL in the roots and leaves of O. sativa genotypes grown under the application of FeSO4 in Cd-polluted nutrient solution are presented in Figure 3. We also manifested MDA, H2O2, and EL in the roots and leaves of O. sativa genotypes in various toxic concentrations of Cd in the nutrient solution. From the given results, we also elucidated that increasing concentration of Cd in the nutrient solution induced a significant (p < 0.05) increase in the contents of MDA, H2O2 initiation, and EL (%) in the roots and leaves of O. sativa genotypes, when compared with those plants, which were grown without the addition of Cd concentration in the nutrient solution (Figure 3). Results also showed that the contents of MDA, H2O2 initiation and EL (%) were significantly (p < 0.05) higher in the roots when compared to the shoots of O. sativa genotypes. In addition, the Cd-sensitive genotype, i.e., Shan 63 showed higher values of MDA contents, H2O2 initiation, and EL (%) in all organs of the plants, in comparison with the Cd-tolerant genotype, i.e., Lu 9803 (Figure 3). Results also illustrated that the application of FeSO4 decreased, the contents of MDA, H2O2 initiation, and EL (%) in the roots and leaves of O. sativa genotypes, compared with those plants, which were grown without the exogenous application with FeSO4 in the nutrient solution. In addition, at all levels of Cd stress (50 and 100 µM), the contents of MDA, H2O2 initiation, and EL (%) were decreased with the increasing levels of FeSO4 (50 and 100 µM) in the nutrient solution, compared with those plants, which were grown without the application of FeSO4.




3.3. Effect of Exogenous Application of FeSO4 on Enzymatic Antioxidants in O. sativa Genotypes under Toxic Concentrations of Cd


In the present study, we also measured various enzymatic antioxidants, i.e., superoxidase dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX) from the roots and leaves of O. sativa genotypes grown under the application of FeSO4 in Cd-polluted nutrient solution. The data regarding the activities of antioxidants (SOD, POD, CAT, and APX) in the roots and leaves of O. sativa genotypes grown under the application of FeSO4 in Cd-polluted nutrient solution are presented in Figure 4. According to the given results, we elucidated that increasing concentrations of Cd in the nutrient solution increased activities of antioxidants (SOD, POD, CAT, and APX) in the roots and leaves of O. sativa genotypes, compared with those plants, which were grown without the addition of Cd in the nutrient solution. The activities of various antioxidants (SOD, POD, CAT, and APX) in the roots and leaves of O. sativa genotypes initially increased up to a Cd level of 50 µM in the nutrient solution, but further increase in Cd concentration in the nutrient solution (100 µM) induced a significant (p < 0.05) decrease in antioxidants in the roots of leaves of both O. sativa genotypes (Figure 4). Results also showed that the activities of antioxidants (SOD, POD, CAT, and APX) were significantly (p < 0.05) higher in the roots when compared to the shoots of O. sativa genotypes. In addition, the Cd-sensitive genotype, i.e., Shan 63 showed higher values of the activities of antioxidants (SOD, POD, CAT, and APX) in all organs of the plants, in comparison with Cd-tolerant genotype, i.e., Lu 9803 (Figure 4). Results also illustrated that the application of FeSO4 increased non-significantly (p < 0.05) the activities of antioxidants (SOD, POD, CAT, and APX) in the roots and leaves of O. sativa genotypes, compared with those plants, which were grown without the exogenous application with FeSO4 in the nutrient solution (Figure 4). In addition, at all levels of Cd stress (50 and 100 µM), the activities of antioxidants (SOD, POD, CAT, and APX) were increased with the increasing levels of FeSO4 (50 and 100 µM) in the nutrient solution, compared with those plants, which were grown without the application of FeSO4 (Figure 4).




3.4. Effect of Exogenous Application of FeSO4 on Non-Enzymatic Antioxidants, Sugars and Proline in O. sativa Genotypes under Toxic Concentrations of Cd


In the present study, we also determined the contents of non-enzymatic antioxidant compounds (phenolics, flavonoids, ascorbic acid, and anthocyanin) from the leaves of O. sativa genotypes under the application of FeSO4, grown in Cd-polluted nutrient solution. The data regarding the non-enzymatic antioxidant compounds (phenolics, flavonoids, ascorbic acid, and anthocyanin) from the leaves of O. sativa genotypes grown under the application of FeSO4 in Cd-polluted nutrient solution are presented in Figure 5. These results showed that the increasing concentration of Cd in the nutrient solution induced a significant increase in the contents of non-enzymatic antioxidants in the leaves of O. sativa genotypes, with the application of FeSO4, grown in Cd-polluted nutrient solution (Figure 5). The compounds of non-enzymatic antioxidant compounds (phenolics, flavonoids, ascorbic acid, and anthocyanin) in the leaves of O. sativa genotypes initially increased up to a Cd level of 50 µM in the nutrient solution, but further increase in Cd concentration in the nutrient solution (100 µM) induced a significant (p < 0.05) decrease in antioxidants in the roots or leaves of both O. sativa genotypes (Figure 5). In addition, the Cd-sensitive genotype, i.e., Shan 63 showed higher contents non-enzymatic antioxidant compounds in the leaves of the plants, in comparison with the Cd-tolerant genotype, i.e., Lu 9803 (Figure 4). Results also illustrated that the application of FeSO4 increased non-significantly (p < 0.05) the non-enzymatic antioxidant compounds (phenolics, flavonoids, ascorbic acid, and anthocyanin) in the leaves of O. sativa genotypes, compared with those plants, which were grown without the exogenous application with FeSO4 in the nutrient solution (Figure 5). In addition, at all levels of Cd stress (50 and 100 µM), the non-enzymatic antioxidant compounds were increased with the increasing levels of FeSO4 (50 and 100 µM) in the nutrient solution, compared with those plants, which were grown without the application of FeSO4 (Figure 4).



The contents of sugars (soluble, reducing, and non-reducing) and proline in the leaves of O. sativa genotypes grown in the external application with FeSO4 in the Cd-polluted nutrient solution are also presented in Figure 5. It was also observed that the contents of soluble, reducing, and non-reducing sugars were decreased with the increasing concentration of Cd (50 and 100 µM) in the nutrient solution without the application of FeSO4. The contents of soluble, reducing, and non-reducing sugars were decreased significantly (p < 0.05) under all levels of Cd toxicity (50 and 100 µM) in the nutrient solution while increasing Cd concentration induced a significant (p < 0.05) increase in proline contents in the leaves of O. sativa genotypes, compared to those plants, which were grown without the addition of Cd in the nutrient solution. In addition, the Cd-sensitive genotype, i.e., Shan 63 showed lower contents of soluble, reducing, and non-reducing sugars in the leaves of the plants, in comparison with the Cd-tolerant genotype, i.e., Lu 9803 (Figure 5). Results also illustrated that the application of FeSO4 increased non-significantly (p < 0.05) the contents of soluble, reducing, and non-reducing sugars and the contents of proline in the leaves of O. sativa genotypes, compared with those plants, which were grown without the exogenous application with FeSO4 in the nutrient solution (Figure 5). In addition, at all levels of Cd stress (50 and 100 µM), the soluble, reducing, and non-reducing sugars and the contents of proline were increased with the increasing levels of FeSO4 (50 and 100 µM) in the nutrient solution, compared with those plants, which were grown without the application of FeSO4 (Figure 5).




3.5. Effect of Exogenous Application of FeSO4 on Nutrients Uptake in O. sativa Genotypes under Toxic Concentrations of Cd


In the present study, the contents of essential minerals, i.e., iron (Fe2+), magnesium (Mg2+), and phosphorus (P) were also determined from the roots and shoots of O. sativa genotypes grown in different application levels of FeSO4 (50 and 100 µM) under Cd-polluted nutrient solution. The contents of Fe2+, Mg2+, and P from the roots and shoots of O. sativa genotypes are presented in Figure 6. Our results depicted that the concentrations of Fe2+, Mg2+, and P in the roots and shoots of O. sativa genotypes were decreased with the increase in the Cd levels (50 and 100 µM) in the nutrient solution, when compared with the plants grown without the addition of Cd in the nutrient solution in both O. sativa genotypes (Figure 6). In addition, results from the present study also showed that Lu 9803 showed more concentrations of Fe2+, Mg2+, and P in the roots and shoots of the plants compared to Shan 63 at all levels of Cd-stressed environment in the nutrients solution. We also noticed that the concentrations of Fe2+, Mg2+, and P in the roots and shoots of O. sativa genotypes could be increased under the toxic concentration of Cd in the nutrient solution by the exogenous application of FeSO4 (Figure 6). In addition, results also showing that exogenous application with FeSO4 increased the concentrations of Fe2+, Mg2+, and P in the roots and shoots of O. sativa genotypes, compared to those plants, which were grown without the exogenous application with FeSO4 in the nutrient solution.




3.6. Effect of Exogenous Application of FeSO4 on Organic Acids Exudation and Cd Uptake and Accumulation in O. sativa Genotypes under Toxic Concentrations of Cd


The contents of fumaric acid, formic acid, acetic acid, citric acid, malic acid, and oxalic acid in the roots of both genotypes of O. sativa grown under toxic levels of Cd in the nutrient solution, with or without the application of FeSO4 are presented in Figure 7. According to the given results, we have noticed that increasing the concentration of Cd in the nutrient solution (50 and 100 µM) induced a significant (p < 0.05) increase in the contents of fumaric acid, formic acid, acetic acid, citric acid, malic acid, and oxalic acid in the roots of both genotypes of O. sativa, compared to those plants, which were grown in Cd level of 0 µM in the nutrient solution. In addition, the Cd-sensitive genotype, i.e., Shan 63 showed higher contents of fumaric acid, formic acid, acetic acid, citric acid, malic acid, and oxalic acid, in comparison with the Cd-tolerant genotype, i.e., Lu 9803 (Figure 7). Results also illustrated that the application of FeSO4 decreased the contents of fumaric acid, formic acid, acetic acid, citric acid, malic acid, and oxalic acid in the roots of O. sativa genotypes, compared with those plants, which were grown without the exogenous application with FeSO4 in the nutrient solution. In addition, at all levels of Cd stress (50 and 100 µM), the contents of fumaric acid, formic acid, acetic acid, citric acid, malic acid, and oxalic acid decreased with the increasing levels of FeSO4 (50 and 100 µM) in the nutrient solution, compared with those plants, which were grown without the application of FeSO4.



We also manifested the contents of Cd from the roots and shoots of O. sativa genotypes grown under toxic levels of Cd in the nutrient solution, with or without the application of FeSO4 are presented in Figure 7. Increasing levels of Cd in the nutrient solution induced a significant (p < 0.05) increase in the Cd concentration in the roots and shoots of O. sativa genotypes, compared to those plants which were grown in the control treatment. In addition, the Cd-sensitive genotype, i.e., Shan 63 showed higher contents of Cd in the roots and shoots of the plants, in comparison with the Cd-tolerant genotype, i.e., Lu 9803 (Figure 7). In addition, at all levels of Cd stress (50 and 100 µM), the contents of Cd were decreased with the increasing levels of FeSO4 (50 and 100 µM) in the nutrient solution, compared with those plants, which were grown without the application of FeSO4.




3.7. Effect of Exogenous Application of FeSO4 on Transmission Electron Microscopy in O. sativa Genotypes under Toxic Concentrations of Cd


In the section of leaf samples of O. sativa genotypes with the Cd concentration in the nutrient solution (100 µM), the Cd toxicity destroyed most of the cellular organelles such as chloroplasts, plastoglobuli, mitochondria, starch grains, and the cell wall in both genotypes of O. sativa. Furthermore, Figure 8 is also showing that there was serious damage in all membrane-bounded organelles in both genotypes of O. sativa, but the Cd-sensitive genotype, i.e., Shan 63 showed more damage to the membrane-bounded structures compared to the Cd-tolerant genotype, i.e., Lu 9803 and also displaying that most of membrane-bounded organelles were dislocated or not visible in TEM study. Although, application with FeSO4 recover the cell damage by improving the structure of many membrane-bounded organelles, which are mostly visible under the exogenous supplementation with FeSO4.




3.8. Correlation between Different Growth, Photosynthetic, Ions Uptake with the Cd Uptake and Accumulation in Various Parts of the Plants


We also constructed histogram-correlation analysis to depict a relationship between O. sativa growth, photosynthetic pigments, gas exchange attributes, antioxidant response, nutrients uptake, and organic acids exudation with Cd uptake in the roots and shoots of the plants (Figure 9). Although both genotypes showed the same trend, we constructed only one graph (histogram-correlation analysis) of Shan 63. The significant differences were observed in the plant growth, photosynthetic apparatus, nutrient uptake, and sugar contents in the treatments, which were not spiked artificially with Cd (comprised with the application of FeSO4). While the rest of the heat-map showed non-significant results with all other parameters with Cd treatments in the nutrient solution. However, the red color showed non-significant differences within the treatments, while the purple color depicted a significant difference in the histogram study. This histogram study showed clear differences in Cd toxicity on the ecophysiology of O. sativa (Shan 63) under the application of FeSO4 in the nutrient solution.





4. Discussion


Residues from smelting industries, metalliferous mines, oil burning in automobiles, tire dust, Cd containing batteries, polyvinyl plastic, canned foods, metal ice trays, meat processing, wrappings bags, and municipal sewage incineration are sources of Cd pollution that ends up in the wastewater [2,9,19,25,52]. The fact that Cd is non-vital for plant development, but is easily taken up by plant roots and shoots, makes it a metal of utmost concern regarding its accumulation in the food chain [2,22,24,26,28,29]. Photosynthesis, respiration, cell division, water relations, opening and closing of stomata, nitrogen metabolism, and mineral nutrition are the main metabolic processes within the plants, which are negatively affected by Cd stress [14,21,26,52]. Cd reduces the photosynthetic capacity of plants by devastating the enzymes of the Calvin cycle and carbohydrate metabolism and also modulates the antioxidant machinery of the plants. All these physiological changes result in decreased plant yield [8,10,53,71]. Cadmium is indirectly involved in the biological redox reaction, and the oxidative burst is produced by increasing the activity of NADPH oxidases, which results in the production of extracellular superoxide, peroxide, and intracellular lipid peroxidation [44,71]. The gas exchange constitutes an important parameter for evaluation of the photosynthetic activity, which is crucial to determine the adaptation and stability of plants subjected to different environmental adversities, as the variation in photosynthetic rates implies alterations in growth as well as productivity [12,72,73]. Furthermore, Gas exchange characteristics are considered as effective physiological indicators, which could be used to assess the intensity of stress on plants grown under metal toxicity [74,75]. Excessive Cd concentrations affected the net photosynthesis due to two important factors; (i) stomatal factors and (ii) non-stomatal factors. Ascorbic acid-mediated, the closure of the stomata under the excess concentration of Cd causes a reduction in stomatal numbers under the influence of stomatal factors [76,77]. Non-stomatal considerations, however, include limitations of net photosynthesis, probably due to the reduction of different enzymes involved in chlorophyll synthesis, as well as Calvin cycle inhibition, and also phosphoenolpyruvate carboxylase in C4 plants [78,79]. The decrease in growth-related attributes in O. sativa was also reported in many studies [46,50,51,53]. This might be linked with various toxicity mechanism in O. sativa [1,29,44], which we also found in the present study (Figure 1). We also manifested that, under the same stress levels of Cd (50 and 100 µM), Lu 9803 was more tolerant to Cd stress than Shan 63, which we also found in our previous study [44] under elevating levels of Cd in the nutrient solution. The differences in growth in different genotypes of O. sativa under the same stress condition might be due to the low availability of water contents, poor stomatal conductance, and alterations in root architecture [44,80]. It was reported that the low concentration of Cd in the environment could disturb many metabolic pathways such as the rate of photosynthetic and chlorophyll pigments by decreasing their contents/rate in the plants [2,16,20,23], which ultimately decrease crop yield (Figure 1).



Heavy metals are considered a primary source of injury to the cell membrane, frequently attributing to lipid peroxidation. As a result of metal accumulation, a large number of active free oxygen radicals are formed, which may be the main cause of cell membrane lipid peroxidation, and also harm the functioning and structure of the cell membrane [3,4,6,20,81]. Excessive reactive oxygen species (ROS) production causes oxidative stress, as reported for many crops under heavy metals treatment, and is likely to be commenced by molecular oxygen excitation (O2) to generate singlet oxygen or by electron transfer to O2 and genesis of free radicals, i.e., O2− and OH− [80,82]. Plant response to oxidative stress also depends upon plant species and cultivars, and this ROS production in plants is removed by a variety of antioxidant enzymes such as SOD, POD, CAT, and APX [2,15,44,71]. The increase in the activities of antioxidant enzymes was concomitant with the generation of extra ROS. It was also reported that an increase in the activities of various antioxidant enzymes under environmental stress conditions is also due to the reduction in glutathione contents [2,9,10,21,22]. However, the reduction in antioxidants under severe levels of Cd in soil might be due to alterations in gene expression and function of various proteins in plant tissues [2,26,83]. Plants produce a variety of secondary metabolites such as proline, flavonoids, and phenolics that improve tolerance against metal toxicity [7,23,30,34,52]. Phenolics are potent antioxidants against metal-induced oxidative damage, efficiently scavenge ROS, and are also involved in metal chelation [84]. Flavonoids act as an antioxidant by donating hydrogen atoms and thereby significantly enhancing plant metal tolerance. Higher flavonoids are positively associated with plant stress tolerance [9]. Ascorbic acid is an important non-enzymatic antioxidant compound that significantly mediates metal toxicity in plants [84]. Although proline accumulation in plant tissue/organs is a response to metal toxicity, which might be associated with signal transduction and prevents membrane distortion [2,36,44]. Previously, an increase in antioxidant activities under elevated levels of Cd in the soil/medium was found in Trachyspermum ammi [2], O. sativa [46], Pfaffia glomerata [28], Solanum lycopersicum [27] and Brassica napus [85]. The decrease in antioxidants at extremely high Cd concentration in the nutrient solution (100 µM) might be due to alterations in gene expression and functions of some proteins in different plant organs [14,25,52]. Similar findings we also observed in our previous study that increasing levels of Cd (1.5 mM) in the sand increased the activities of enzymatic and non-enzymatic antioxidants, but a further increase in the Cd concentration in the sand (3 mM) decreased the compounds of various enzymatic and non-enzymatic antioxidant compounds [2]. The increase in the activities of antioxidant enzymes was concomitant with the generation of extra ROS (Figure 4 and Figure 5). It was also reported that an increase in the activities of various antioxidant enzymes under environmental stress conditions was also due to the reduction in glutathione contents [30,86]. Similar results were observed by Saleem et al. [11] while studying Hibiscus cannabinus under various levels of copper and reported that the activities of SOD, POD, CAT and APX were initially increased up to Cu level of 120 μmol L−1 while higher Cu level (180 μmol L−1) caused a significant (p < 0.05) decrease in the activities of antioxidants in roots and shoots.



Essential nutrients are required for the normal growth of plants. Numerous reports demonstrated that the uptake and translocation of essential elements in plants were restricted under Cd stress [39,52,87]. Excess Cd decreased the Fe, Mg, and P contents in numerous plant species, which may cause ions deficiency in plants. It is well known that Cd toxicity in crops depends on the bioavailability of Cd in soils and the concentration of elements, which can compete with Cd during plant uptake [88]. In general, O. sativa takes up Cd in the form of Cd2+ from the soils. Cd uptake in O. sativa plants varies with soil pH and organic matter content present in the soils [89]. After absorption by the roots, Cd is transported to the stele by passing through endodermis, and Casparian strips, and then Cd is translocated to shoot via xylem and finally accumulates in grains [52]. In the present study, increasing concentrations of Cd in the nutrient solution induces a significant (p < 0.05) increase in Cd concentration in the roots and shoots of O. sativa genotypes (Figure 7) while inducing a significant decrease in the uptake of essential nutrients from the roots and shoots of the O. sativa genotypes (Figure 6). These findings coincide with the results obtained by Liu et al. [53] in O. sativa, that Cd toxicity increased Cd contents in various parts of plants, which induced deficiency of various essential nutrients in the plants, which are necessary for normal growth and development. Similar findings were also shown by Lin et al. [90] in O. sativa. As reported by Rizwan et al. [52], Cd toxicity in the soil decreased plant growth by increasing ROS production and Cd contents in the plant parts, which makes the plant unable to uptake essential ions from the soil. The decrease in essential nutrients in the soil is the main factor that plants decrease their growth (Figure 1) and photosynthesis (Figure 2) and increasing oxidative damage to the membrane-bounded organelles, which was reported in the present study. Roots exclude especially organic acids, which are regarded as active ligands under the excess concentration of metals in the soil [91]. Acidification of mucilage after uptake of Cd is likely due to the release of protons when plant roots release more cations than anions in order to maintain their charge balance [92]. The exudation of organic acids in the roots of O. sativa genotypes (Figure 7), accelerating metal transport from roots to the aboveground parts, is possibly due to the formation of metal-chelated ions as suggest by Javed et al. [71], when they cultivated Zea mays in Cd-polluted soil. Thus, increasing the contents of organic acids in the roots of O. sativa genotypes could be a detoxification mechanism and helps in ameliorates Cd-toxicity in the plants (Figure 7). The cell wall is considered as the primary site for heavy metal accumulation/deposition under severe heavy metal stress conditions. Previously, [93,94] noticed that Cd was extremely amassed in the cell wall of Scopelophila cataractae and Oryza sativa. However, using TEM-technology, it was revealed that excess Cd mainly affected many membrane-bounded organelles of O. sativa genotypes, (Figure 8). It was reported that toxic concentration of Cd in the soil disturbed the ultra-structure of membranous bounded organelles and caused structural damage to photosynthetic apparatus, which ultimately decreased the photosynthetic apparatus in O. sativa, when it grows under toxic level of Cd in the soil as discussed in detail in the review of the literature by Rizwan et al. [52].



Different practices have been used for the management of Cd-contaminated soils and its reduction in crop plants [2,13]. There are several studies that reported that the application of elements such as iron (Fe), nitrogen (N), zinc (Zn), selenium (Se), and phosphorus (P) could decrease Cd uptake and toxicity in O. sativa [46,52]. Fe is an essential micronutrient for all living organisms, including plants. It plays a significant role in the plant’s physiological and biological function [43]. Fe has been found beneficial regarding its role in reducing heavy metals toxicity in various plants. It was observed that Fe declined Cd toxicity by enhancing plant growth, photosynthetic pigments, and chloroplast quality in almond seedlings, as documented by Wen et al. [41]. Furthermore, Fe application reduced oxidative stress induced by Cd stress and maintains stability in the chloroplast, chlorophyll contents, and thylakoid complexes in Indian mustard [95]. Photosynthetic efficiency and its functioning are largely Fe dependent and under metal stress conditions Fe is involved in the electron transfer chain in thylakoid membranes where they operate as a cofactor of protein complexes [96]. This is because Fe is an essential micronutrient for proper plant growth and development, and it plays a crucial role in plant metabolism in enzymatic and metabolic processes [33,38,43]. Many approaches have been used to alleviate heavy metal such as Cd toxicity in the soil, but the use of Fe provides a direct approach, which not only increases plant yield but also decreases the Cd contents in the plant organs [39,42,46,97]. It is well-documented that Fe can increase crop yield and other physiological attributes by minimizing the metals uptake by the plants when grown in metals contaminated soil [42,97,98]. Previously, Nada et al. [98] reported that the application of Fe increases plant growth and biomass, gas exchange characteristics, and decreases oxidative stress and Cd concentration in the various organs of Prunus dulcis, when grown in Cd-contaminated soil. Moreover, similar findings were also observed by Qureshi et al. [95], when they studied Brassica juncea under various levels of Cd toxicity and noticed that Fe application maintains chloroplast structure and other membrane-bounded organelles and maintain photosynthetic pigments under Cd toxicity. However, variable antioxidative enzymes in O. sativa genotypes might be due to alterations in gene expression and function of some important proteins in different parts of the plants [38]. Although, the increase in antioxidative activities under the application of Fe suggested that plant has better defense system to overcome the production of ROS, generated by Cd toxicity in the nutrient solution [33,99]. This is because of Fe application increases plant growth and biomass by fortifying essential nutrients and decrease Cd concentration in the plant organs as suggested by Bashir et al. [42].




5. Conclusions


On the basis of these findings, it can be concluded that the negative impact of Cd toxicity can be overcome by the external application with FeSO4. Our results depict that Cd toxicity induced severe metal toxicity in O. sativa genotypes by increasing the generation of ROS in the form of oxidative stress and also increased the concentration of Cd in the roots and shoots of the plants. Furthermore, Cd toxicity also increased organic acids exudation and imbalance the nutritional status of the plants, which ultimately decrease plant growth and yield and photosynthetic efficiency. Hence, Cd toxicity was eliminated by the external application of FeSO4, which also decreased the Cd concentration in the plant tissues, degenerated ROS, induced ultra-structure alterations and organic acids exudation, and increased the activities of antioxidants and essential nutrients in the plants. Therefore, long-term field studies should be executed to draw parallels amongst plants/crops root exudations, metal stress, Fe fertigation regimes, nutrients mobility patterns, and plant growth in order to gain insights into underlying mechanisms.







Author Contributions


Conceptualization, M.S.R.; data curation, J.A., A.M.E. and A.S.; formal analysis, J.A., M.S.R., M.A.A. and G.S.H.; funding acquisition, M.T.J., Q.A. and C.H.; investigation, F.B., M.S.R., A.S. and C.H.; methodology, F.B. and G.S.H.; project administration, M.A.E.-E. and C.H.; resources, A.S. and M.A.A.; software, M.H.S.; supervision, Q.A., M.A.A. and G.S.H.; validation, F.B., A.M.E. and M.T.J.; visualization, A.M.E., M.A.E.-E., M.T.J. and Q.A.; writing—original draft, M.H.S.; writing—review and editing, J.A. and M.H.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Key Research and Development program of China (2016YFD0200108), the National Natural Science Foundation of China (Program No. 41771329) and the 948 Project from the Ministry of Agriculture of China (2016-X41).




Conflicts of Interest


The authors declare that there is no conflict of interest.




References


	



Zahoor, A.; Ahmad, F.; Hameed, M.; Basra, S.M.A. Structural and functional aspects of photosynthetic response in Eichhornia crassipes (Mart.) Solms under cadmium stress. Pak. J. Bot. 2018, 50, 489–493. [Google Scholar]

	



Javed, M.T.; Saleem, M.H.; Aslam, S.; Rehman, M.; Iqbal, N.; Begum, R.; Ali, S.; Alsahli, A.A.; Alyemeni, M.N.; Wijaya, L. Elucidating silicon-mediated distinct morpho-physio-biochemical attributes and organic acid exudation patterns of cadmium stressed Ajwain (Trachyspermum ammi L.). Plant Physiol. Biochem. 2020, 157, 23–37. [Google Scholar] [CrossRef] [PubMed]

	



Parveen, A.; Saleem, M.H.; Kamran, M.; Haider, M.Z.; Chen, J.-T.; Malik, Z.; Rana, M.S.; Hassan, A.; Hur, G.; Javed, M.T. Effect of Citric Acid on Growth, Ecophysiology, Chloroplast Ultrastructure, and Phytoremediation Potential of Jute (Corchorus capsularis L.) Seedlings Exposed to Copper Stress. Biomolecules 2020, 10, 592. [Google Scholar] [CrossRef] [PubMed]

	



Saleem, M.; Ali, S.; Rehman, M.; Rana, M.; Rizwan, M.; Kamran, M.; Imran, M.; Riaz, M.; Hussein, M.; Elkelish, A.; et al. Influence of phosphorus on copper phytoextraction via modulating cellular organelles in two jute (Corchorus capsularis L.) varieties grown in a copper mining soil of Hubei Province, China. Chemosphere 2020, 248, 126032. [Google Scholar] [CrossRef]

	



Rehman, M.; Saleem, M.H.; Fahad, S.; Maqbool, Z.; Peng, D.; Deng, G.; Liu, L. Medium nitrogen optimized Boehmeria nivea L. growth in copper contaminated soil. Chemosphere 2020, 128972. [Google Scholar] [CrossRef]

	



Saleem, M.H.; Ali, S.; Rehman, M.; Hasanuzzaman, M.; Rizwan, M.; Irshad, S.; Shafiq, F.; Iqbal, M.; Alharbi, B.M.; Alnusaire, T.S. Jute: A Potential Candidate for Phytoremediation of Metals—A Review. Plants 2020, 9, 258. [Google Scholar] [CrossRef]

	



Saleem, M.H.; Ali, S.; Hussain, S.; Kamran, M.; Chattha, M.S.; Ahmad, S.; Aqeel, M.; Rizwan, M.; Aljarba, N.H.; Alkahtani, S. Flax (Linum usitatissimum L.): A Potential Candidate for Phytoremediation? Biological and Economical Points of View. Plants 2020, 9, 496. [Google Scholar] [CrossRef]

	



Khalid, H.; Zia-ur-Rehman, M.; Naeem, A.; Khalid, M.U.; Rizwan, M.; Ali, S.; Umair, M.; Sohail, M.I. Solanum nigrum L.: A Novel Hyperaccumulator for the Phyto-Management of Cadmium Contaminated Soils. In Cadmium Toxicity and Tolerance in Plants; Elsevier: Amsterdam, The Netherlands, 2019; pp. 451–477. [Google Scholar]

	



Shahid, M.; Javed, M.T.; Mushtaq, A.; Akram, M.S.; Mahmood, F.; Ahmed, T.; Noman, M.; Azeem, M. Microbe-mediated mitigation of cadmium toxicity in plants. In Cadmium Toxicity and Tolerance in Plants; Elsevier: Amsterdam, The Netherlands, 2019; pp. 427–449. [Google Scholar]

	



Nagajyoti, P.C.; Lee, K.D.; Sreekanth, T. Heavy metals, occurrence and toxicity for plants: A review. Environ. Chem. Lett. 2010, 8, 199–216. [Google Scholar] [CrossRef]

	



Saleem, M.H.; Fahad, S.; Rehman, M.; Saud, S.; Jamal, Y.; Khan, S.; Liu, L. Morpho-physiological traits, biochemical response and phytoextraction potential of short-term copper stress on kenaf (Hibiscus cannabinus L.) seedlings. PeerJ 2020, 8, e8321. [Google Scholar] [CrossRef]

	



Zaheer, I.E.; Ali, S.; Saleem, M.H.; Ali, M.; Riaz, M.; Javed, S.; Sehar, A.; Abbas, Z.; Rizwan, M.; El-Sheikh, M.A.; et al. Interactive role of zinc and iron lysine on Spinacia oleracea L. growth, photosynthesis and antioxidant capacity irrigated with tannery wastewater. Physiol. Mol. Biol. Plants 2020. [Google Scholar] [CrossRef]

	



Imran, M.; Hussain, S.; El-Esawi, M.A.; Rana, M.S.; Saleem, M.H.; Riaz, M.; Ashraf, U.; Potcho, M.P.; Duan, M.; Rajput, I.A. Molybdenum Supply Alleviates the Cadmium Toxicity in Fragrant Rice by Modulating Oxidative Stress and Antioxidant Gene Expression. Biomolecules 2020, 10, 1582. [Google Scholar] [CrossRef]

	



Rizwan, M.; Ali, S.; Abbas, T.; Zia-ur-Rehman, M.; Hannan, F.; Keller, C.; Al-Wabel, M.I.; Ok, Y.S. Cadmium minimization in wheat: A critical review. Ecotoxicol. Environ. Saf. 2016, 130, 43–53. [Google Scholar] [CrossRef]

	



Tanwir, K.; Akram, M.S.; Masood, S.; Chaudhary, H.J.; Lindberg, S.; Javed, M.T. Cadmium-induced rhizospheric pH dynamics modulated nutrient acquisition and physiological attributes of maize (Zea mays L.). Environ. Sci. Pollut. Res. 2015, 22, 9193–9203. [Google Scholar] [CrossRef]

	



Belkadhi, A.; De Haro, A.; Obregon, S.; Chaïbi, W.; Djebali, W. Exogenous salicylic acid protects phospholipids against cadmium stress in flax (Linum usitatissimum L.). Ecotoxicol. Environ. Saf. 2015, 120, 102–109. [Google Scholar] [CrossRef] [PubMed]

	



Li, F.-T.; Qi, J.-M.; Zhang, G.-Y.; Lin, L.-H.; Fang, P.-P.; Tao, A.-F.; Xu, J.-T. Effect of cadmium stress on the growth, antioxidative enzymes and lipid peroxidation in two kenaf (Hibiscus cannabinus L.) plant seedlings. J. Integr. Agric. 2013, 12, 610–620. [Google Scholar] [CrossRef]

	



Awual, M.R. A facile composite material for enhanced cadmium (II) ion capturing from wastewater. J. Environ. Chem. Eng. 2019, 7, 103378. [Google Scholar] [CrossRef]

	



Kong, X.; Zhao, Y.; Tian, K.; He, X.; Jia, Y.; He, Z.; Wang, W.; Xiang, C.; Tian, X. Insight into nitrogen and phosphorus enrichment on cadmium phytoextraction of hydroponically grown Salix matsudana Koidz cuttings. Environ. Sci. Pollut. Res. 2020, 27, 8406–8417. [Google Scholar] [CrossRef] [PubMed]

	



Tang, H.; Liu, Y.; Gong, X.; Zeng, G.; Zheng, B.; Wang, D.; Sun, Z.; Zhou, L.; Zeng, X. Effects of selenium and silicon on enhancing antioxidative capacity in ramie (Boehmeria nivea (L.) Gaud.) under cadmium stress. Environ. Sci. Pollut. Res. 2015, 22, 9999–10008. [Google Scholar] [CrossRef]

	



El-Esawi, M.A.; Elkelish, A.; Soliman, M.; Elansary, H.O.; Zaid, A.; Wani, S.H. Serratia marcescens BM1 enhances cadmium stress tolerance and phytoremediation potential of soybean through modulation of osmolytes, leaf gas exchange, antioxidant machinery, and stress-responsive genes expression. Antioxidants 2020, 9, 43. [Google Scholar] [CrossRef]

	



Anwar, S.; Khan, S.; Ashraf, M.Y.; Noman, A.; Zafar, S.; Liu, L.; Ullah, S.; Fahad, S. Impact of chelator-induced phytoextraction of cadmium on yield and ionic uptake of maize. Int. J. Phytoremediat. 2017, 19, 505–513. [Google Scholar] [CrossRef]

	



Adrees, M.; Khan, Z.S.; Ali, S.; Hafeez, M.; Khalid, S.; ur Rehman, M.Z.; Hussain, A.; Hussain, K.; Chatha, S.A.S.; Rizwan, M. Simultaneous mitigation of cadmium and drought stress in wheat by soil application of iron nanoparticles. Chemosphere 2020, 238, 124681. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Wang, J.; Shi, Y.; Zhao, M.; Chi, G. Effects of cadmium on growth and photosynthetic activities in pakchoi and mustard. Bot. Stud. 2011, 52, 41–46. [Google Scholar]

	



Madhu, P.M.; Sadagopan, R.S. Effect of Heavy Metals on Growth and Development of Cultivated Plants with Reference to Cadmium, Chromium and Lead—A Review. J. Stress Physiol. Biochem. 2020, 16, 84–102. [Google Scholar]

	



Gallego, S.M.; Pena, L.B.; Barcia, R.A.; Azpilicueta, C.E.; Iannone, M.F.; Rosales, E.P.; Zawoznik, M.S.; Groppa, M.D.; Benavides, M.P. Unravelling cadmium toxicity and tolerance in plants: Insight into regulatory mechanisms. Environ. Exp. Bot. 2012, 83, 33–46. [Google Scholar] [CrossRef]

	



Alyemeni, M.N.; Ahanger, M.A.; Wijaya, L.; Alam, P.; Bhardwaj, R.; Ahmad, P. Selenium mitigates cadmium-induced oxidative stress in tomato (Solanum lycopersicum L.) plants by modulating chlorophyll fluorescence, osmolyte accumulation, and antioxidant system. Protoplasma 2018, 255, 459–469. [Google Scholar] [CrossRef]

	



Pereira, A.S.; Dorneles, A.O.S.; Bernardy, K.; Sasso, V.M.; Bernardy, D.; Possebom, G.; Rossato, L.V.; Dressler, V.L.; Tabaldi, L.A. Selenium and silicon reduce cadmium uptake and mitigate cadmium toxicity in Pfaffia glomerata (Spreng.) Pedersen plants by activation antioxidant enzyme system. Environ. Sci. Pollut. Res. 2018, 25, 18548–18558. [Google Scholar] [CrossRef]

	



Liu, H.; Zhang, C.; Wang, J.; Zhou, C.; Feng, H.; Mahajan, M.D.; Han, X. Influence and interaction of iron and cadmium on photosynthesis and antioxidative enzymes in two rice cultivars. Chemosphere 2017, 171, 240–247. [Google Scholar] [CrossRef]

	



Abbas, S.; Javed, M.T.; Shahid, M.; Hussain, I.; Haider, M.Z.; Chaudhary, H.J.; Tanwir, K.; Maqsood, A. Acinetobacter sp. SG-5 inoculation alleviates cadmium toxicity in differentially Cd tolerant maize cultivars as deciphered by improved physio-biochemical attributes, antioxidants and nutrient physiology. Plant Physiol. Biochem. 2020, 155, 815–827. [Google Scholar] [CrossRef]

	



Ashraf, M.A.; Hussain, I.; Rasheed, R.; Iqbal, M.; Riaz, M.; Arif, M.S. Advances in microbe-assisted reclamation of heavy metal contaminated soils over the last decade: A review. J. Environ. Manag. 2017, 198, 132–143. [Google Scholar] [CrossRef]

	



Saleem, M.H.; Ali, S.; Rehman, M.; Rizwan, M.; Kamran, M.; Mohamed, I.A.; Bamagoos, A.A.; Alharby, H.F.; Hakeem, K.R.; Liu, L. Individual and combined application of EDTA and citric acid assisted phytoextraction of copper using jute (Corchorus capsularis L.) seedlings. Environ. Technol. Innov. 2020, 19, 100895. [Google Scholar] [CrossRef]

	



Zaheer, I.E.; Ali, S.; Saleem, M.H.; Noor, I.; El-Esawi, M.A.; Hayat, K.; Rizwan, M.; Abbas, Z.; El-Sheikh, M.A.; Alyemeni, M.N. Iron–Lysine Mediated Alleviation of Chromium Toxicity in Spinach (Spinacia oleracea L.) Plants in Relation to Morpho-Physiological Traits and Iron Uptake When Irrigated with Tannery Wastewater. Sustainability 2020, 12, 6690. [Google Scholar] [CrossRef]

	



Saleem, M.H.; Kamran, M.; Zhou, Y.; Parveen, A.; Rehman, M.; Ahmar, S.; Malik, Z.; Mustafa, A.; Anjum, R.M.A.; Wang, B. Appraising growth, oxidative stress and copper phytoextraction potential of flax (Linum usitatissimum L.) grown in soil differentially spiked with copper. J. Environ. Manag. 2020, 257, 109994. [Google Scholar] [CrossRef] [PubMed]

	



Ali, H.; Khan, E.; Sajad, M.A. Phytoremediation of heavy metals—Concepts and applications. Chemosphere 2013, 91, 869–881. [Google Scholar] [CrossRef] [PubMed]

	



Rehman, M.; Liu, L.; Bashir, S.; Saleem, M.H.; Chen, C.; Peng, D.; Siddique, K.H. Influence of rice straw biochar on growth, antioxidant capacity and copper uptake in ramie (Boehmeria nivea L.) grown as forage in aged copper-contaminated soil. Plant Physiol. Biochem. 2019, 138, 121–129. [Google Scholar] [CrossRef]

	



Saleem, M.H.; Ali, S.; Seleiman, M.F.; Rizwan, M.; Rehman, M.; Akram, N.A.; Liu, L.; Alotaibi, M.; Al-Ashkar, I.; Mubushar, M. Assessing the Correlations between Different Traits in Copper-Sensitive and Copper-Resistant Varieties of Jute (Corchorus capsularis L.). Plants 2019, 8, 545. [Google Scholar] [CrossRef]

	



Zaheer, I.E.; Ali, S.; Saleem, M.H.; Imran, M.; Alnusairi, G.S.H.; Alharbi, B.M.; Riaz, M.; Abbas, Z.; Rizwan, M.; Soliman, M.H. Role of iron–lysine on morpho-physiological traits and combating chromium toxicity in rapeseed (Brassica napus L.) plants irrigated with different levels of tannery wastewater. Plant Physiol. Biochem. 2020, 155, 70–84. [Google Scholar] [CrossRef]

	



Rizwan, M.; Ali, S.; Ali, B.; Adrees, M.; Arshad, M.; Hussain, A.; ur Rehman, M.Z.; Waris, A.A. Zinc and iron oxide nanoparticles improved the plant growth and reduced the oxidative stress and cadmium concentration in wheat. Chemosphere 2019, 214, 269–277. [Google Scholar] [CrossRef]

	



Shao, G.; Chen, M.; Wang, D.; Xu, C.; Mou, R.; Cao, Z.; Zhang, X. Using iron fertilizer to control Cd accumulation in rice plants: A new promising technology. Sci. China Ser. C Life Sci. 2008, 51, 245–253. [Google Scholar] [CrossRef]

	



Wen, E.; Yang, X.; Chen, H.; Shaheen, S.M.; Sarkar, B.; Xu, S.; Song, H.; Liang, Y.; Rinklebe, J.; Hou, D. Iron-modified biochar and water management regime-induced changes in plant growth, enzyme activities, and phytoavailability of arsenic, cadmium and lead in a paddy soil. J. Hazard. Mater. 2020, 124344. [Google Scholar] [CrossRef]

	



Bashir, A.; Rizwan, M.; Ali, S.; ur Rehman, M.Z.; Ishaque, W.; Riaz, M.A.; Maqbool, A. Effect of foliar-applied iron complexed with lysine on growth and cadmium (Cd) uptake in rice under Cd stress. Environ. Sci. Pollut. Res. 2018, 25, 20691–20699. [Google Scholar] [CrossRef]

	



Ghasemi, S.; Khoshgoftarmanesh, A.H.; Afyuni, M.; Hadadzadeh, H. Iron (II)–Amino acid chelates alleviate salt-stress induced oxidative damages on tomato grown in nutrient solution culture. Sci. Hortic. 2014, 165, 91–98. [Google Scholar] [CrossRef]

	



Afzal, J.; Hu, C.; Imtiaz, M.; Elyamine, A.; Rana, M.; Imran, M.; Ismael, M. Cadmium tolerance in rice cultivars associated with antioxidant enzymes activities and Fe/Zn concentrations. Int. J. Environ. Sci. Technol. 2018, 16, 4241–4252. [Google Scholar] [CrossRef]

	



Makino, T.; Nakamura, K.; Katou, H.; Ishikawa, S.; Ito, M.; Honma, T.; Miyazaki, N.; Takehisa, K.; Sano, S.; Matsumoto, S. Simultaneous decrease of arsenic and cadmium in rice (Oryza sativa L.) plants cultivated under submerged field conditions by the application of iron-bearing materials. Soil Sci. Plant Nutr. 2016, 62, 340–348. [Google Scholar] [CrossRef]

	



Wang, X.; Deng, S.; Zhou, Y.; Long, J.; Ding, D.; Du, H.; Lei, M.; Chen, C.; Tie, B.Q. Application of different foliar iron fertilizers for enhancing the growth and antioxidant capacity of rice and minimizing cadmium accumulation. Environ. Sci. Pollut. Res. 2020, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Food and Agriculture Organization Corporate Statistical Database. 2016. Available online: http://www.fao.org/faostat/en/#data/QC (accessed on 25 December 2018).

	



Tripathi, D.K.; Singh, V.P.; Kumar, D.; Chauhan, D.K. Rice seedlings under cadmium stress: Effect of silicon on growth, cadmium uptake, oxidative stress, antioxidant capacity and root and leaf structures. Chem. Ecol. 2012, 28, 281–291. [Google Scholar] [CrossRef]

	



Filgueiras, L.; Silva, R.; Almeida, I.; Vidal, M.; Baldani, J.I.; Meneses, C.H.S.G. Gluconacetobacter diazotrophicus mitigates drought stress in Oryza sativa L. Plant Soil 2019, 451, 57–73. [Google Scholar] [CrossRef]

	



Vaughan, D.A.; Lu, B.-R.; Tomooka, N. The evolving story of rice evolution. Plant Sci. 2008, 174, 394–408. [Google Scholar] [CrossRef]

	



Chen, D.; Chen, D.; Xue, R.; Long, J.; Lin, X.; Lin, Y.; Jia, L.; Zeng, R.; Song, Y. Effects of boron, silicon and their interactions on cadmium accumulation and toxicity in rice plants. J. Hazard. Mater. 2019, 367, 447–455. [Google Scholar] [CrossRef]

	



Rizwan, M.; Ali, S.; Adrees, M.; Rizvi, H.; Zia-ur-Rehman, M.; Hannan, F.; Qayyum, M.F.; Hafeez, F.; Ok, Y.S. Cadmium stress in rice: Toxic effects, tolerance mechanisms, and management: A critical review. Environ. Sci. Pollut. Res. 2016, 23, 17859–17879. [Google Scholar] [CrossRef]

	



Liu, J.; Liang, J.; Li, K.; Zhang, Z.; Yu, B.; Lu, X.; Yang, J.; Zhu, Q. Correlations between cadmium and mineral nutrients in absorption and accumulation in various genotypes of rice under cadmium stress. Chemosphere 2003, 52, 1467–1473. [Google Scholar] [CrossRef]

	



Arnon, D.I. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta vulgaris. Plant Physiol. 1949, 24, 1. [Google Scholar] [CrossRef] [PubMed]

	



Austin, R.B. Prospects for Genetically Increasing the Photosynthetic Capacity of Crops. Plant Biol. 1990, 10, 395–409. [Google Scholar]

	



Heath, R.L.; Packer, L. Photoperoxidation in isolated chloroplasts: I. Kinetics and stoichiometry of fatty acid peroxidation. Arch. Biochem. Biophys. 1968, 125, 189–198. [Google Scholar] [CrossRef]

	



Jana, S.; Choudhuri, M.A. Glycolate metabolism of three submersed aquatic angiosperms: Effect of heavy metals. Aquat. Bot. 1981, 11, 67–77. [Google Scholar] [CrossRef]

	



Dionisio-Sese, M.L.; Tobita, S. Antioxidant responses of rice seedlings to salinity stress. Plant Sci. 1998, 135, 1–9. [Google Scholar] [CrossRef]

	



Chen, C.-N.; Pan, S.-M. Assay of superoxide dismutase activity by combining electrophoresis and densitometry. Bot. Bull. Acad. Sin. 1996, 37, 107–111. [Google Scholar]

	



Sakharov, I.Y.; Ardila, G.B. Variations of peroxidase activity in cocoa (Theobroma cacao L.) beans during their ripening, fermentation and drying. Food Chem. 1999, 65, 51–54. [Google Scholar] [CrossRef]

	



Aebi, H. Catalase in vitro. In Methods in Enzymology; Elsevier: Amsterdam, The Netherlands, 1984; Volume 105, pp. 121–126. [Google Scholar]

	



Nakano, Y.; Asada, K. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell Physiol. 1981, 22, 867–880. [Google Scholar]

	



Pękal, A.; Pyrzynska, K. Evaluation of aluminium complexation reaction for flavonoid content assay. Food Anal. Methods 2014, 7, 1776–1782. [Google Scholar] [CrossRef]

	



Bray, H.; Thorpe, W. Analysis of phenolic compounds of interest in metabolism. Methods Biochem. Anal. 1954, 1, 27–52. [Google Scholar]

	



Azuma, K.; Nakayama, M.; Koshioka, M.; Ippoushi, K.; Yamaguchi, Y.; Kohata, K.; Yamauchi, Y.; Ito, H.; Higashio, H. Phenolic antioxidants from the leaves of Corchorus olitorius L. J. Agric. Food Chem. 1999, 47, 3963–3966. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, C.E.; Walker, J.R.; Lancaster, J.E.; Sutton, K.H. Determination of anthocyanins, flavonoids and phenolic acids in potatoes. I: Coloured cultivars of Solanum tuberosum L. J. Sci. Food Agric. 1998, 77, 45–57. [Google Scholar] [CrossRef]

	



Dubois, M.; Gilles, K.A.; Hamilton, J.K.; Rebers, P.t.; Smith, F. Colorimetric method for determination of sugars and related substances. Anal. Chem. 1956, 28, 350–356. [Google Scholar] [CrossRef]

	



Bates, L.S.; Waldren, R.P.; Teare, I. Rapid determination of free proline for water-stress studies. Plant Soil 1973, 39, 205–207. [Google Scholar] [CrossRef]

	



UdDin, I.; Bano, A.; Masood, S. Chromium toxicity tolerance of Solanum nigrum L. and Parthenium hysterophorus L. plants with reference to ion pattern, antioxidation activity and root exudation. Ecotoxicol. Environ. Saf. 2015, 113, 271–278. [Google Scholar] [CrossRef]

	



Jezek, M.; Geilfus, C.-M.; Mühling, K.-H. Glutamine synthetase activity in leaves of Zea mays L. as influenced by magnesium status. Planta 2015, 242, 1309–1319. [Google Scholar] [CrossRef]

	



Javed, M.T.; Akram, M.S.; Tanwir, K.; Chaudhary, H.J.; Ali, Q.; Stoltz, E.; Lindberg, S. Cadmium spiked soil modulates root organic acids exudation and ionic contents of two differentially Cd tolerant maize (Zea mays L.) cultivars. Ecotoxicol. Environ. Saf. 2017, 141, 216–225. [Google Scholar] [CrossRef]

	



Alam, H.; Khattak, J.Z.K.; Ksiksi, T.S.; Saleem, M.H.; Fahad, S.; Sohail, H.; Ali, Q.; Zamin, M.; El-Esawi, M.A.; Saud, S. Negative impact of long-term exposure of salinity and drought stress on native Tetraena mandavillei L. Physiol. Plant. 2020, 1–16. [Google Scholar] [CrossRef]

	



Saleem, M.H.; Rehman, M.; Zahid, M.; Imran, M.; Xiang, W.; Liu, L. Morphological changes and antioxidative capacity of jute (Corchorus capsularis, Malvaceae) under different color light-emitting diodes. Braz. J. Bot. 2019, 42, 581–590. [Google Scholar] [CrossRef]

	



Shahid, M.; Javed, M.T.; Tanwir, K.; Akram, M.S.; Tazeen, S.K.; Saleem, M.H.; Masood, S.; Mujtaba, S.; Chaudhary, H.J. Plant growth-promoting Bacillus sp. strain SDA-4 confers Cd tolerance by physio-biochemical improvements, better nutrient acquisition and diminished Cd uptake in Spinacia oleracea L. Physiol. Mol. Biol. Plants 2020. [Google Scholar] [CrossRef]

	



Saleem, M.H.; Ali, S.; Kamran, M.; Iqbal, N.; Azeem, M.; Tariq Javed, M.; Ali, Q.; Zulqurnain Haider, M.; Irshad, S.; Rizwan, M. Ethylenediaminetetraacetic Acid (EDTA) Mitigates the Toxic Effect of Excessive Copper Concentrations on Growth, Gaseous Exchange and Chloroplast Ultrastructure of Corchorus capsularis L. and Improves Copper Accumulation Capabilities. Plants 2020, 9, 756. [Google Scholar] [CrossRef] [PubMed]

	



Farooq, M.; Ullah, A.; Usman, M.; Siddique, K.H. Application of zinc and biochar help to mitigate cadmium stress in bread wheat raised from seeds with high intrinsic zinc. Chemosphere 2020, 260, 127652. [Google Scholar] [CrossRef] [PubMed]

	



Ahmad, P.; Ahanger, M.A.; Alyemeni, M.N.; Wijaya, L.; Alam, P. Exogenous application of nitric oxide modulates osmolyte metabolism, antioxidants, enzymes of ascorbate-glutathione cycle and promotes growth under cadmium stress in tomato. Protoplasma 2018, 255, 79–93. [Google Scholar] [CrossRef] [PubMed]

	



Yaseen, R.; Aziz, O.; Saleem, M.H.; Riaz, M.; Zafar-ul-Hye, M.; Rehman, M.; Ali, S.; Rizwan, M.; Nasser Alyemeni, M.; El-Serehy, H.A. Ameliorating the Drought Stress for Wheat Growth through Application of ACC-Deaminase Containing Rhizobacteria along with Biogas Slurry. Sustainability 2020, 12, 6022. [Google Scholar] [CrossRef]

	



Saleem, M.H.; Fahad, S.; Adnan, M.; Ali, M.; Rana, M.S.; Kamran, M.; Ali, Q.; Hashem, I.A.; Bhantana, P.; Ali, M.; et al. Foliar application of gibberellic acid endorsed phytoextraction of copper and alleviates oxidative stress in jute (Corchorus capsularis L.) plant grown in highly copper-contaminated soil of China. Environ. Sci. Pollut. Res. 2020, 27, 37121–37133. [Google Scholar] [CrossRef]

	



Saleem, M.H.; Rehman, M.; Kamran, M.; Afzal, J.; Noushahi, H.A.; Liu, L. Investigating the potential of different jute varieties for phytoremediation of copper-contaminated soil. Environ. Sci. Pollut. Res. 2020, 27, 30367–30377. [Google Scholar] [CrossRef]

	



Rehman, M.; Liu, L.; Wang, Q.; Saleem, M.H.; Bashir, S.; Ullah, S.; Peng, D. Copper environmental toxicology, recent advances, and future outlook: A review. Environ. Sci. Pollut. Res. 2019, 26, 18003–18016. [Google Scholar] [CrossRef]

	



Saleem, M.H.; Fahad, S.; Khan, S.U.; Din, M.; Ullah, A.; Sabagh, A.E.L.; Hossain, A.; Llanes, A.; Liu, L. Copper-induced oxidative stress, initiation of antioxidants and phytoremediation potential of flax (Linum usitatissimum L.) seedlings grown under the mixing of two different soils of China. Environ. Sci. Pollut. Res. 2020, 27, 5211–5221. [Google Scholar] [CrossRef]

	



Anwar, S. Chelators induced uptake of cadmium and modulation of water relation, antioxidants and photosynthetic traits of maize. Environ. Sci. Pollut. Res. 2019, 26, 17577–17590. [Google Scholar] [CrossRef]

	



Qureshi, F.F.; Ashraf, M.A.; Rasheed, R.; Ali, S.; Hussain, I.; Ahmed, A.; Iqbal, M. Organic chelates decrease phytotoxic effects and enhance chromium uptake by regulating chromium-speciation in castor bean (Ricinus communis L.). Sci. Total Environ. 2020, 716, 137061. [Google Scholar] [CrossRef]

	



Saeed, Z.; Naveed, M.; Imran, M.; Bashir, M.A.; Sattar, A.; Mustafa, A.; Hussain, A.; Xu, M. Combined use of Enterobacter sp. MN17 and zeolite reverts the adverse effects of cadmium on growth, physiology and antioxidant activity of Brassica napus. PLoS ONE 2019, e0213016. [Google Scholar] [CrossRef] [PubMed]

	



Ullah, H.A.; Javed, F.; Wahid, A.; Sadia, B. Alleviating effect of exogenous application of ascorbic acid on growth and mineral nutrients in cadmium stressed barley (Hordeum vulgare) seedlings. Int. J. Agric. Biol. 2016, 18, 73–79. [Google Scholar] [CrossRef]

	



Rizwan, M.; Ali, S.; ur Rehman, M.Z.; Maqbool, A. A critical review on the effects of zinc at toxic levels of cadmium in plants. Environ. Sci. Pollut. Res. 2019, 26, 6279–6289. [Google Scholar] [CrossRef] [PubMed]

	



Javed, M.T.; Lindberg, S.; Greger, M. Cadmium uptake in E lodea canadensis leaves and its interference with extra-and intra-cellular pH. Plant Biol. 2014, 16, 615–621. [Google Scholar] [CrossRef]

	



Zhao, Y.; Zhang, C.; Wang, C.; Huang, Y.; Liu, Z. Increasing phosphate inhibits cadmium uptake in plants and promotes synthesis of amino acids in grains of rice. Environ. Pollut. 2019, 257, 113496. [Google Scholar] [CrossRef]

	



Lin, L.; Zhou, W.; Dai, H.; Cao, F.; Zhang, G.; Wu, F. Selenium reduces cadmium uptake and mitigates cadmium toxicity in rice. J. Hazard. Mater. 2012, 235, 343–351. [Google Scholar] [CrossRef]

	



Riaz, M.; Yan, L.; Wu, X.; Hussain, S.; Aziz, O.; Jiang, C. Mechanisms of organic acids and boron induced tolerance of aluminum toxicity: A review. Ecotoxicol. Environ. Saf. 2018, 165, 25–35. [Google Scholar] [CrossRef]

	



Javed, M.T.; Akram, M.S.; Habib, N.; Tanwir, K.; Ali, Q.; Niazi, N.K.; Gul, H.; Iqbal, N. Deciphering the growth, organic acid exudations, and ionic homeostasis of Amaranthus viridis L. and Portulaca oleracea L. under lead chloride stress. Environ. Sci. Pollut. Res. 2018, 25, 2958–2971. [Google Scholar] [CrossRef]

	



Najmanova, J.; Neumannova, E.; Leonhardt, T.; Zitka, O.; Kizek, R.; Macek, T.; Mackova, M.; Kotrba, P. Cadmium-induced production of phytochelatins and speciation of intracellular cadmium in organs of Linum usitatissimum seedlings. Ind. Crop. Prod. 2012, 36, 536–542. [Google Scholar] [CrossRef]

	



Wang, H.; Wang, T.; Ahmad, I. Involvement of phosphate supplies in different transcriptional regulation pathway of Oryza sativa L.’s antioxidative system in response to arsenite and cadmium stress. Ecotoxicology 2015, 24, 1259–1268. [Google Scholar] [CrossRef]

	



Qureshi, M.I.; D’Amici, G.M.; Fagioni, M.; Rinalducci, S.; Zolla, L. Iron stabilizes thylakoid protein–pigment complexes in Indian mustard during Cd-phytoremediation as revealed by BN-SDS-PAGE and ESI-MS/MS. J. Plant Physiol. 2010, 167, 761–770. [Google Scholar] [CrossRef] [PubMed]

	



Rizwan, M.; Ali, S.; Abbas, F.; Adrees, M.; Zia-ur-Rehman, M.; Farid, M.; Gill, R.A.; Ali, B. Role of organic and inorganic amendments in alleviating heavy metal stress in oil seed crops. Oil Seed Crop. Yield Adapt. Under Environ. Stress 2017, 12, 224–235. [Google Scholar]

	



Jian, L.; Jingchun, L.; Chongling, Y.; Daolin, D.; Haoliang, L. The alleviation effect of iron on cadmium phytotoxicity in mangrove A. marina. Alleviation effect of iron on cadmium phytotoxicity in mangrove Avicennia marina (Forsk.) Vierh. Chemosphere 2019, 226, 413–420. [Google Scholar] [CrossRef] [PubMed]

	



Nada, E.; Ferjani, B.A.; Ali, R.; Bechir, B.R.; Imed, M.; Makki, B. Cadmium-induced growth inhibition and alteration of biochemical parameters in almond seedlings grown in solution culture. Acta Physiol. Plant. 2007, 29, 57–62. [Google Scholar] [CrossRef]

	



Kobayashi, T.; Nozoye, T.; Nishizawa, N.K. Iron transport and its regulation in plants. Free Radic. Biol. Med. 2019, 133, 11–20. [Google Scholar] [CrossRef]








[image: Biomolecules 10 01693 g001 550] 





Figure 1. Effect of different concentrations of exogenous application of FeSO4 (0, 50, and 100 µM) on morphological attributes, i.e., total plant length (A), root length (B), shoot fresh weight (C), root fresh weight (D), shoot dry weight (E) and root dry weight (F) of Oryza sativa (cultivars) grown under different levels of Cd stress (0, 50 and 100 µM). Bars sharing different letter(s) for each parameter are significantly different from each other according to Duncan’s multiple range test (p < 0.05). All the data represented are the average of four replications (n = 4). Error bars represent the standard deviation (SD) of four replicates. 
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Figure 2. Effect of different concentrations of exogenous application of FeSO4 (0, 50, and 100 µM) on photosynthetic pigments and gaseous exchange attributes, i.e., total chlorophyll contents (A), carotenoid contents (B), net photosynthesis (C) stomatal conductance (D), transpiration rate (E) and intercellular CO2 (F) of Oryza sativa (cultivars) grown under different levels of Cd stress (0, 50 and 100 µM). Bars sharing different letter(s) for each parameter are significantly different from each other according to Duncan’s multiple range test (p < 0.05). All the data represented are the average of four replications (n = 4). Error bars represent the standard deviation (SD) of four replicates. 
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Figure 3. Effect of different concentrations of exogenous application of FeSO4 (0, 50, and 100 µM) on oxidative stress indicators, i.e., MDA contents in the roots (A), MDA contents in the leaves (B), H2O2 contents in the roots (C), H2O2 contents in the leaves (D), EL percentage in the roots (E) and EL percentage in the leaves (F) of Oryza sativa (cultivars) grown under different levels of Cd stress (0, 50 and 100 µM). Bars sharing different letter(s) for each parameter are significantly different from each other according to Duncan’s multiple range test (p < 0.05). All the data represented are the average of four replications (n = 4). Error bars represent the standard deviation (SD) of four replicates. 






Figure 3. Effect of different concentrations of exogenous application of FeSO4 (0, 50, and 100 µM) on oxidative stress indicators, i.e., MDA contents in the roots (A), MDA contents in the leaves (B), H2O2 contents in the roots (C), H2O2 contents in the leaves (D), EL percentage in the roots (E) and EL percentage in the leaves (F) of Oryza sativa (cultivars) grown under different levels of Cd stress (0, 50 and 100 µM). Bars sharing different letter(s) for each parameter are significantly different from each other according to Duncan’s multiple range test (p < 0.05). All the data represented are the average of four replications (n = 4). Error bars represent the standard deviation (SD) of four replicates.



[image: Biomolecules 10 01693 g003]







[image: Biomolecules 10 01693 g004 550] 





Figure 4. Effect of different concentrations of exogenous application of FeSO4 (0, 50, and 100 µM) on antioxidant activities, i.e., SOD activity in the roots (A), SOD activity in the leaves (B), POD activity in the roots (C), POD activity in the leaves (D) CAT activity in the roots (E), CAT activity in the leaves (F), APX activity in the roots (G) and APX activity in the leaves (H) of Oryza sativa (cultivars) grown under different levels of Cd stress (0, 50, and 100 µM). Bars sharing different letter(s) for each parameter are significantly different from each other according to Duncan’s multiple range test (p < 0.05). All the data represented are the average of four replications (n = 4). Error bars represent the standard deviation (SD) of four replicates. 
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Figure 5. Effect of different concentrations of exogenous application of FeSO4 (0, 50, and 100 µM) on non-enzymatic antioxidants and sugars, i.e., phenolic contents (A), flavonoid contents (B), ascorbic acid contents (C), anthocyanin contents (D), soluble sugar contents (E), reducing sugar contents (F), non-reducing sugar contents (G) and proline contents (H) in the leaves of Oryza sativa (cultivars) grown under different levels of Cd stress (0, 50, and 100 µM). Bars sharing different letter(s) for each parameter are significantly different from each other according to Duncan’s multiple range test (p < 0.05). All the data represented are the average of four replications (n = 4). Error bars represent the standard deviation (SD) of four replicates. 






Figure 5. Effect of different concentrations of exogenous application of FeSO4 (0, 50, and 100 µM) on non-enzymatic antioxidants and sugars, i.e., phenolic contents (A), flavonoid contents (B), ascorbic acid contents (C), anthocyanin contents (D), soluble sugar contents (E), reducing sugar contents (F), non-reducing sugar contents (G) and proline contents (H) in the leaves of Oryza sativa (cultivars) grown under different levels of Cd stress (0, 50, and 100 µM). Bars sharing different letter(s) for each parameter are significantly different from each other according to Duncan’s multiple range test (p < 0.05). All the data represented are the average of four replications (n = 4). Error bars represent the standard deviation (SD) of four replicates.
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Figure 6. Effect of different concentrations of exogenous application of FeSO4 (0, 50, and 100 µM) on ion uptake, i.e., iron contents in the roots (E), iron contents in the shoots (F), calcium contents in the roots (G), and calcium contents in the leaves (H), magnesium contents in the roots (A), magnesium contents in the shoots (B), phosphorus contents in the roots (C) and phosphorus contents in the shoots (D) of Oryza sativa (cultivars) grown under different levels of Cd stress (0, 50 and 100 µM). Bars sharing different letter(s) for each parameter are significantly different from each other according to Duncan’s multiple range test (p < 0.05). All the data represented are the average of four replications (n = 4). Error bars represent the standard deviation (SD) of four replicates. 
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Figure 7. Effect of different concentrations of exogenous application of FeSO4 (0, 50, and 100 µM) on fumaric acid contents (A), formic acid contents (B), acetic acid contents (C), citric acid contents (D), malic acid contents (E), oxalic acid contents (F) in the roots and Cd concentration in the roots (G) and Cd concentration in the shoots (H) of Oryza sativa (cultivars) grown under different levels of Cd stress (0, 50 and 100 µM). Bars sharing different letter(s) for each parameter are significantly different from each other according to Duncan’s multiple range test (p < 0.05). All the data represented are the average of four replications (n = 4). Error bars represent the standard deviation (SD) of four replicates. 
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Figure 8. Transmission electron microscopy (TEM) analysis of Oryza sativa (cultivars) leaf structure after treated with Cd and Fe concentration in the nutrient solution. (A) Shan 63 (5000) with Cd 100 + Fe 0, (B) Shan 63 (2500) with Cd 100 + Fe 50, (C) Shan 63 (10,000) with Cd 100 + Fe 100, (D) Lu 9803 (2500) Cd 100 + Fe 0, (E) Lu 9803 (2500) Cd 100 + Fe 50 and (F) Lu 9803 (2500) Cd 100 + Fe 100. 
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Figure 9. Heatmap histogram correlation between Cd uptake/accumulation with different morpho-physio-biochemical attributes of Oryza sativa grown under different levels of Cd stress (0, 50, and 100 µM) with different concentrations of exogenous application of FeSO4 (0, 50, and 100 µM). Different abbreviations used are as follow: Ci (intercellular CO2), P-S (phosphorus contents in the shoots), P-R (phosphorus contents in the roots), Mg-S (magnesium contents in the shoots), Mg-R (magnesium contents in the roots), Ca-S (calcium contents in the shoots), Ca-R (calcium contents in the roots), Fe-S (iron contents in the shoots), Fe-R (iron contents in the roots), NRS (non-reducing sugars), RS (reducing sugars), SS (soluble sugars), TR (transpiration rate), SC (stomatal conductance), NP (net photosynthesis), Carot (carotenoid contents), TC (total chlorophyll), RDW (root dry weight), SDW (shoot dry weight), RFW (root fresh weight), SFW (shoot fresh weight), TPL (total plant length), RL (root length), Ant (anthocyanin contents), AsA (ascorbic acid contents), Flv (flavonoid contents), Phe (phenolic contents), APX-L (ascorbate peroxidase activity in the leaves), APX-R (ascorbate peroxidase activity in the roots), CAT-L (catalase activity in the leaves), CAT-R (catalase activity in the roots), POD-R (peroxidase activity in the roots), POD-L (peroxidase activity in the leaves), SOD-R (superoxidase dismutase activity in the roots), SOD-L (superoxidase dismutase activity in the leaves), Pro (proline contents), OxA (oxalic acid contents), McA (melic acid contents), CrA (citric acid contents), AcA (acetic acid contents), FoA (formic acid contents), FmA (fumaric acid contents), EL-L (electrolyte leakage in the leaves), EL-R (electrolyte leakage in the roots), H2O2-L (hydrogen peroxide initiation in the leaves), H2O2-R (hydrogen peroxide initiation in the roots), MDA-R (malondialdehyde contents in the roots), MDA-L (malondialdehyde contents in the leaves), Cd-R (Cd concentration in the roots), and Cd-S (Cd concentration in the shoots). 
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Table 1. Chemical composition and proportions of Hoagland’s solution used in the hydroponic.
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	Proportions
	Salts





	269.76
	Ca (NO3)2·4H2O



	35.15
	KH2PO4



	48.80
	K2SO4



	167.68
	CaCl2·2H2O



	324.5
	MgSO4·7H2O



	2.8818
	MnCl2·4H2O



	0.1472
	(NH4)6Mo7O24·4H2O



	1.8304
	H3BO3



	0.0704
	ZnSO4·7H2O



	13.33
	Na2EDTA



	9.96
	FeSO4·7H2O



	0.0629
	CuSO4·5H2O
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