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Abstract

:

Cadmium (Cd), a potent heavy metal, causes a significant reduction in plant growth and its yield by interfering with the plant’s mineral nutrition and, primarily, by inducing Cd-induced oxidative damage. Cd mobilization at the soil–root interface is also very important in context of its bioavailability to plants. Therefore, an experiment was carried out to evaluate the mitigating role of iron-enriched biochar (Fe-BC) on Cd accumulation in soil and Cd toxicity in radish plants. Radish seeds were sown in pots, and two levels of Cd (0 and 0.75 mg kg−1) and two levels of Fe-BC (0 and 0.5%) were applied. Cd stress significantly reduced radish fresh and dry biomass production, which was due to high production of malondialdehyde (36%) and increase in cell membrane permeability (twofold) relative to control. Moreover, Cd stress considerably reduced chlorophyll concentrations and uptake of some essential nutrients, such as Ca, K, and Fe. Contrarily, Fe-BC application ameliorated Cd toxicity by triggering the activation of antioxidant enzymes (catalase and ascorbate peroxidase), primary and secondary metabolite accumulation (protein and phenolics concentrations), and by improving plant mineral nutrition under Cd treatment, compared with Cd treatment only. The ability of biosorbent material (Fe-BC) to adsorb the Cd ion on its surface and its immobilization from Cd-polluted soil to plant root was determined by using Langmuir and Freundlich isotherm models. Interestingly, Cd concentration was found in soil as diethylenetriamine (DTPA)-extractable soil Cd on radish root, but not reported in radish shoot with Cd+Fe-BC treatment, compared to Cd treatment; suggesting that Fe-BC treatment has a potential to provide extra strength to the root and shoot, and plays an important role in regulation ionic and redox homeostasis under Cd stress.
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1. Introduction


Plants are an integral part of the ecosystem, contributing a significant portion to the food chain. Under the current climate change situation, both biotic stresses (e.g., pathogen and insect infestation) and abiotic stresses (e.g., soil salinity, waterlogging, drought, and high temperature) are the significant constraints for sustainable crop production [1,2,3,4,5,6]. Therefore, agriculture needs to be revolutionized at a rapid rate to maximize production and to meet the increasing demand for food with the booming population [7]. Cadmium (Cd) is one of the major environmental threats to agricultural systems due to its high residence time (>1000 years) in soil [8]. As Cd has high mobility in soil and is hydrophilic in nature, it readily accumulates in plants and reduces plant growth and development [1,9]. Cd toxicity reduced plant growth and its yield by up to 80% in numerous plant species [1,7,10,11,12], however, the ability of plants to respond towards Cd stress depends on the tissue specificity of Cd toxicity; for example, leaf tissues accumulate more Cd than other root tissues and/or tuber vegetables [13]. Thus, there is a dire need to understand the tissue specificity of Cd toxicity and to remediate the soil and crops from Cd toxicity to reach a potentially win–win situation by deploying such amendments that not only increase the crop growth and its yield, but also detoxify the soils.



Many physical, chemical, and biological measures have been taken to minimize impacts of potentially toxic elements (PTEs) on the ecosystems [4,14]. Biochar (BC) is well known to be a highly recommended and effective material for ameliorating different environmental setbacks, including heavy metal pollution, owing to its environmental friendliness, widespread usage, and low cost [15,16]. BC has negative charge on its surface, along with high ion exchange ability, which means it can also effectively decrease translocation and phytoavailability of different PTEs, such as Ni, Cd, Cu, and Pb, in contaminated soils and in plants [17,18,19]. BC application improves heavy metal tolerance in plants by triggering numerous biochemical and physiological mechanisms, such as leaf gas exchange, accumulation of photosynthetic compounds, and oxidative damage [20]. However, recent studies showed that modification in BC with compost, synthetic fertilizers, and manures increases the potential of BC by many folds [21,22], for instance addition of sulfur modification in rice husk BC increased the BC mercury adsorptive capacity by ~73%, compared with no modification [23]. Likewise, modification of BC with mineral elements [24], phosphoric acid [25], or with biomaterials, such as chitosan [26], enhances soil properties and increases the oxygen-containing phenolic, carboxylic, and hydroxyl functional groups on soil surface, and thus converts more accessible forms of toxic ions into less accessible forms [25].



Iron is an important essential nutrient and its deficiency results in stunted growth and significant reduction in plant productivity [27]. Addition of iron (Fe) nanoparticles on BC surface can enhance the crop growth and its productivity [21]. Previous studies showed that Fe-BC reduced the bioavailability of heavy metal ions in soil and reduced the translocation of Cd, Cr, Pb, and Cu by 4.23–109.33% in heavy-metal-contaminated soil [25,28,29]. However, it has not been well examined yet how Fe-BC improves heavy metal tolerance in plants, thus the current study was carried out to reveal the possible role of Fe-Bc in improving Cd tolerance in radish.



Heavy metal mobilization in soil is another concern while improving heavy metal tolerance in plants. BC application immobilizes PTEs via several reported mechanisms [30,31,32,33]. Modified BC increases the heavy metal immobilization [34]. For instance, compared to unmodified corncob BC, MgO-coated corncob BC reduced soil Pb leaching by 50.71%, as revealed by toxicity characteristic leaching procedure (TCLP) [33]. Likewise, rice husk BC modified with non-toxic elemental S reduced Hg concentrations in TCLP leachates by approximately 99% [35]. Thus, in this study, Fe-BC was applied to examine the Cd mobilization in soil and Cd translocation from root to shoot.



Heavy metal adsorption is an important mechanism and plays an important role in the immobilization of toxic ions in soil. In the current study, two models (Langmuir and Freundlich adsorption isotherm [36,37] were selected to observe the behavior of Cd adsorption on Fe-BC surface. The Langmuir model shows an ideal monolayer adsorption, which assumes that all adsorption sites have equal energies and absorbed molecules have no mutual interactions [38], while the Freundlich model is empirical in nature, and significant for only heterogeneous surface adsorption [39]. These models are well established and useful to examine the heavy metal adsorption capacity in soil with and without soil amendment. The interpretations of these models are based on their maximum adsorption capacity (qmax), constant values (KF/KL), and its R2 value, while here, qmax shows the capacity of an adsorbent to capture the adsorbate on its surface to complete its monolayer [40]. For instance, the removal of Cu through Rosa bourbonia waste phytobiomass (RBWPB) biosorbent was estimated, and showed that the Langmuir isotherm model is best suited for Cu removal due to high maximum adsorption capacity of a material (qmax) value (149.25 mg g−1) [41]. Similarly, the adsorption capacity of Fe2O3 nanoparticles modified BC, and MgO-doped corn straw BC showed qmax value of 94.34 mg g−1 and 160.03 mg g−1 for the removal of Cd and Cu (II), respectively [42,43]. Thus, current work was designed to study (i) the effect of Fe-BC on different physiological and biochemical parameters of radish under Cd stress; (ii) the role of Fe-BC in plant nutrition under Cd toxicity, and (iii) if there was Cd adsorption occur on Fe-BC soil, then isotherm models (Langmuir and Freundlich) were used to calculate the maximum Cd adsorption capacity on Fe-BC soil.




2. Materials and Methods


2.1. Iron Enriched Biochar


BC was prepared from wheat feedstock at a pyrolysis temperature of 500 °C for 3 h in a furnace (TF-1200X). Later, this BC was ground, and passed through a 2 mm sieve. This BC was stored in a desiccator before use [44]. Iron doping was done by mixing the above-prepared BC in a mechanical vessel. The ratio between the BC and dry weight (DW) was 1:5 w/v. When the temperature reached 100 °C, the iron chloride (FeCl3) and iron sulphate (FeSO4) were added (2:10 w/v) to the mixture. The homogenous mixture was attained after continuous mixing and heating. The BC was dried in the oven at 60 °C to remove the excessive water from the BC mixture.




2.2. Pot Study


The study was conducted at a greenhouse (Government College University Botanical Garden, Lahore) located at 31°33′20.54″ N latitude and 74°19′40.56″ E longitude near Mall Road Lahore, Pakistan. Four treatments (control; Cd; Fe-BC; Cd+Fe-BC) along three replicates were chosen for this study. There were two level of Cd (0.75 mg kg−1) and Fe-BC (0.0.5%), while the control treatment contained the pure clay loamy soil only. Pots were filled with 2 kg soil, and 10 seeds of Raphanus sativus L. (cultivar red radish) were sown per pot, with three replicates. After 8 days of germination, four plants per pot were maintained. Moisture concentration was maintained at 70% soil field capacity in all pots. Plants were harvested after 40 days, and various plant parts, such as root and shoot, were subjected to various physiological and biochemical analysis. After harvesting, fresh weights of root and shoot were calculated. After fresh weight calculation, these samples were placed into the oven at 70 °C. After four days, the distilled water was calculated by subtracting the value of fresh weight from it.




2.3. Biochemical Analysis


Protein concentrations in root and shoot of radish plant were determined by following the method of [45]. Sample extract was prepared by taking 0.1 g of shoot/root samples, and ground by using 4 mL of 80% acetone. Then, 200 μL of sample extract was taken into a test tube and 1800 μL deionized water was added into it. Then, Bradford reagent (2 mL) was added, and the mixture was placed for incubation at room temperature for 10–20 min. After incubation, absorbance was measured at 595 nm wavelength by spectrophotometer (Shimadzu, UV-1201, Kyoto, Japan). Protein concentration (mg g−1 fresh weight) was measured by standard curve using different concentrations of bovine serum albumin (BSA).



Total phenolic in roots and shoots were colorimetrically measured by following Singleton et al. [46]. Reaction mixture (2 mL) was prepared by adding 20 μL of sample extract, 100 μL Folin–Coicâlteu’s reagent (0.25 N), deionized water (1580 μL), and 300 μL Na2CO3 (1 N). The mixture was placed in the dark at room temperature for 2 h. Absorbance of sample mixture and gallic acid standards were measured at 760 nm on spectrophotometer (Shimadzu, UV-1201, Kyoto, Japan). The concentration of total phenolic was presented in μg g−1.



Chlorophyll concentration was measured by using fresh, fully expanded leaf material; 1 g leaf sample was ground with the help of pestle and mortar in 90% acetone. Absorbance was measured on UV-Vis spectrophotometer (Shimadzu, UV-1201, Kyoto, Japan) by using the following equations:


Chl. a (mg mL−1) = 11.64 × (A663) − 2.16 × (A645)



(1)






Chl. b (mg mL−1) = 20.97 × (A645) − 3.94 × (A663)



(2)







(A663) and (A645) represent absorbance values read at 645 and 663 nm wavelength, respectively [47].



Malondialdehyde (MDA) concentration was measured by adding 5 mL of 20% trichloroacetic acid solution into the paste of fresh leaf (0.1 g). The mixture was centrifuged at 10,000 rpm for 15 min. The collected supernatant (2.5 mL) was taken, and 1 mL of both solutions trichloroacetic acid (20% v/w) and thiobarbituric acid (0.5% v/w) added in it. The solution was placed in an oven at 95 °C for 30 min and then cooled in a water bath. Absorbance for MDA was measured at 532 and 600 nm wavelengths by using the Beer–Lambert equation [48].



Cell membrane permeability (CMP) was measured by adding fresh leaf (0.1 g) into the test tubes containing 5 mL of distilled water. Test tubes were placed on a shaker for 4 hrs. Electrical conductivity (EC) of the solution was measured with an EC meter. Then, samples were autoclaved at 121 °C for 20 min. The solution was cooled down to room temperature and a second reading of EC was taken. The first reading was divided by the second reading and multiplied by 100 to measure CMP [48].




2.4. Crude Leaf Extract for Antioxidant Enzyme Assays


Fresh leaf tissues (0.2 g) were taken and ground to a fine powder using pestle and mortar. The exact weight of each powdered sample was measured before it was thoroughly homogenized in 1.2 mL of 0.2 M potassium phosphate buffer (pH 7.8; 0.1 mM ethylene di-amine tetra acetic acid). The sample was centrifuged at 15,000× g for 20 min at 4 °C. The supernatant was removed from the sample, and pellet resuspended in 0.8 mL of the same buffer. This suspension was centrifuged for another 15 min at 15,000× g. The combined supernatant was stored in the freezer and used to measure different antioxidant enzyme activities.



Reaction mixture (3 mL) containing 2 mL enzyme extract (diluted 200 times with 50 mM, 7.0 pH potassium phosphate buffer) and 1 mL H2O2 (10 mM) was measured on a spectrophotometer (Shimadzu, UV-1201, Kyoto, Japan). Catalase (CAT) activity was measured at 240 nm in mol unit activity min−1 mg−1 protein at 25 ± 2 °C [49].



Ascorbate peroxidase (APX) activity was measured by modified method of Nakano and Asada [50]. It was measured from the decrease in absorbance at 290 nm due to oxidation of ascorbate in reaction. Assay mixture (1 mL) was prepared by following protocol: 50 mM potassium phosphate buffer (pH 7), 0.5 mM H2O2, 0.5 mM ascorbate, and 10 μL of crude leaf extract. H2O2 was added to initiate the reaction mixture and decrease in absorbance was measured for 3 min on a spectrophotometer (Shimadzu, UV-1201, Kyoto, Japan). The extinction coefficient of 2.8 mM−1 cm−1 for the reduced ascorbate was used in measuring enzyme activity that was expressed in terms of mol unit activity min−1 mg−1 protein.




2.5. Nutrients and Heavy Metal Analysis


The roots and shoots of radish plant were air dried and then placed in the oven at 70 °C for two days. Dried plant samples were digested with HNO3+HClO4 (2:1) for analysis of Fe, Na, K, Ca, Mg, and Cd on multi-sequential atomic absorption spectrophotometer (ISE-3000 series) by using Jones et al. [51].



To determine soil Cd concentration, calcium chloride (CaCl2) (1.1 g) and diethylenetriamine pentaacetic acid (DTPA) (1.97 g) were taken into a beaker. Deionized water was used to dissolve these salts. Triethanolamine (TEA) was added into another beaker. The pH was adjusted to 7.3 with 6 N HCl and brought to 1 L. This solution had CaCl2, 0.005 M DTPA, and 0.1 M TEA. Standards for Cd determination in soil were prepared and analyzed on a multi-sequential atomic absorption spectrophotometer [51].




2.6. Biosorption Analysis


The total amount of metal absorbed onto absorbent was calculated by the method of simple difference in concentration. The biosorption capacity of Fe-BC for Cd was estimated using the concentration of ions retained on a unit mass of absorbent by using Equation (3) [52].


q = (Ce − Ci) × (V/1000)/m



(3)




where Ci is the initial concentration of cadmium (mg kg−1), Ce is the final concentration (mg kg−1), V is the volume of solution (mL), and m is the biosorbent mass (g).



The percentage removal efficiency was determined according to Equation (4)


% removal = Ce − Ci/Ce × 100 (%)



(4)







Definite parameters (isotherm models) are used to determine the biosorption isotherms, whose values show the affinity of biosorbent for various heavy metal ions, along with the surface properties [52]. In our study, Langmuir and Freundlich isotherms were used to fit the experimental data. The mathematical expressions of log form of Freundlich isotherm and linearized form of Langmuir equation are represented in Equations (5) and (6), respectively.


Ce/qe = 1/qmaxKL + Ce/qmax



(5)






Log qe = 1/n (Log Ce) + Log KF



(6)







Here, qe shows metal ion (Cd) sorbed (mg kg−1), KL is Langmuir equation constant, and KF and 1/n are the Freundlich equation constants, respectively.




2.7. Statistical Analysis


Statistical analysis of data was performed by using Microsoft Excel 2010® (Microsoft Cooperation, Redmond, WA, USA) and Statistix 8.1® software package (Copyright 2005, Analytical Software, USA) [53]. Least significant difference (LSD) at p < 0.05 was determined by taking the difference between any two treatment means [54].





3. Results


3.1. Fe-Rich Biochar Improves Radish Growth and Nutrient Uptake under Cd Stress


Cadmium (Cd) stress significantly (p < 0.01) reduced root biomass accumulation (Table 1). The Cd stress decreased root dry weight (RWD) by 85% and shoot dry weight (SWD) by 30%, relative to control. Fe-BC minimized the toxic effect of Cd on biomass accumulation by improving RDW and SDW up to 21-fold and three-fold, respectively, compared with no Fe-BC application under Cd stress (Table 1).



Cd significantly reduced the uptake of Ca in both root and shoot, compared with control, while no significant effects of Cd toxicity were observed in the uptake of K, Na, Mg, and Fe in root and shoot, except Na in shoot, which reduced by 86% in shoot under Cd toxicity (Table 1), compared to Cd+Fe-BC. However, the treatment of Fe-BC treatment, along with Cd stress, significantly diminished the effects of Cd stress on plant nutrition by improving the uptake of Ca, Mg, K, Na, and Fe in root and shoot (Table 1). The maximum increase (twofold) in shoot Ca concentration was found in combined treatment of Cd+Fe-BC, compared to Cd stress. Fe-BC application, along with Cd stress, improved Mg (twofold and twofold) and K (13-fold and twofold) uptake in root and shoot, respectively, compared with Cd stress only (Table 1). Fe-BC treatment, along with Cd, increased Fe uptake by twofold in root only, compared with Cd stress only (Table 1).




3.2. Fe-Rich Biochar Reduces Membrane Permeability by Improving Antioxidant Defence System


CMP and MDA were significantly (p < 0.01) enhanced upon Cd stress (Figure 1A,B). A twofold increase in CMP production was observed with Cd stress, compared to control. However, Cd+Fe-BC application decreased (55%) CMP relative to Cd stress (Figure 1A). A similar pattern was observed in MDA, where Cd stress increased (36%) MDA relative to control. However, Fe-BC showed maximum decrease (48%) in MDA when added in a combined form of Cd+Fe-BC treatment, compared to Cd stress (Figure 1B). Cd-stress-induced oxidative damage was significantly reduced by the activation of antioxidants in response to Fe-BC application (Figure 2A,B). APX and CAT activities were increased by 32% and five-fold under Cd stress, compared with control. However, Cd+Fe-BC treatment increased APX activity by 92%, compared with Cd stress only, but did not show any significant difference on CAT activity, suggesting the specificity of the regulation of antioxidant in response to Fe-BC under Cd stress (Figure 2A,B).




3.3. Fe-Rich Biochar Improves Osmolytes Accumulation and Photosynthetic Pigments under Cd Stress


Total root phenolic was highly significant (p < 0.01) by interactive effects of treatments. There was a significant (p < 0.01) decrease in total root phenolic observed with Cd stress, compared to Fe-BC treatment (Figure 3A). However, combined treatment of Cd+Fe-BC increased the total root phenolic contents up to 7%, compared to Cd stress only. Similarly, radish cultivar showed reduction (13%) in total shoot phenolic observed under Cd stress relative to Cd+Fe-BC treatment (Figure 3B).



Cd stress significantly influenced (p < 0.01) total root/shoot protein concentration by all the treatments and decreased total root protein concentration, compared to control (Figure 3C), while it was observed that total root protein increased significantly by the combined application of Cd+Fe-BC relative to Cd stress. However, total shoot protein showed the same behavior; when Cd stress applied it decreased (11%), compared to control (Figure 3D).



Cd stress reduces the biosynthesis of chlorophyll concentrations in leaves. Chlorophyll a and b were decreased by 24% and 30%, respectively, in response to Cd stress, compared with control (Figure 4). However, Cd-induced decline in chlorophyll concentrations were ameliorated by the application of Fe-BC, suggesting a protective role of Fe-BC in radish under Cd toxicity. Fe-BC increased chlorophyll a and b significantly by 30% and 52% under Cd stress, compared with Cd stress only (Figure 4).




3.4. Soil Cd, Langmuir and Freundlich Models


Fe-BC application in the presence of Cd stress reduced root Cd concentration about 12-fold, compared to Cd stress only. This result clearly showed that application of Fe-BC helped in diminishing the negative impact of Cd stress on radish cultivar and reduced its translocation from root to shoot (Table 2).



While it was noticed that the extractable DTPA-Cd was more reduced (34%) in combined treatment of Cd+Fe-BC than Cd stress only, addition of Fe-BC restricted the transfer of Cd in root and shoot to a not-detectable level (Table 2). However, interpretation of Langmuir and Freundlich models suggested that R2 and qmax value supports the Langmuir isotherm model for the adsorption of Cd concentration (Table 3).





4. Discussion


4.1. Iron-Rich Biochar Maintained Cell Membrane Stability by Triggering Antioxidant Defence System and Osmolyte under Cd Stress


Plants usually maintain balance between reactive oxygen species (ROS) generation and its removal under normal growth conditions; however, this stability is disturbed under stress conditions [6,54]. Under stress condition, a burst of ROS is responsible for lipid peroxidation, which ultimately leads to CMP on the cell membrane [55,56]. Membrane damage was measured indirectly through electrical conductivity of solute leakage from the plant cell; as shown in the present study, where CMP was increased under Cd stress (Figure 1A). Plasma membrane could be damaged due to various mechanisms, such as the oxidation reaction from ROS, resulting in an increase in CMP, which further enhances the non-selective ion conductance across the cell membrane [57]. It minimizes the activity of H+-ATPase of plasma membrane, probably due to change in fluidity and composition of membrane lipids. Mishra et al. [58] reported that Cd, similar to the other classes of metals, has a strong attraction towards sulfur (S)- and nitrogen (N)-containing proteins and ligands. Thus, it binds within proteins leading to disturbed membrane ion channels and ion leakage. However, such negative impacts of Cd stress on CMP and lipid peroxidation was ameliorated by the Fe-BC application (Figure 1A). Fe-BC application reduced CMP and MDA concentrations by 25% and 52%, respectively, under Cd stress, compared with Cd stress only (Figure 1A,B), suggesting that Fe-BC could improve Cd tolerance in radish by maintaining CMP. BC can diminish the oxidative stress by lowering the production of reactive oxygen species and enhancing the antioxidant activities in plant leaves [54]. When antioxidant increases in response to application of BC, it helps in preventing the initiation or proliferation of oxidizing chain responses, which results in delay or inhabitation of oxidation in plant cells, protein, lipids, and other essential molecules [59].



As an adaptive response, the excessive ROS production is tightly controlled by the activation of antioxidants; though it is not necessary that high antioxidant activity leads to higher ROS detoxification [60]. In the current study, CAT and APX activities were regulated in response to Fe-BC application under Cd stress. Fe-BC application did not affect the CAT activity, but it enhanced APX activity (Figure 2B), which was negatively correlated with MDA concentrations and positively correlated with higher root and shoot biomass accumulation under Cd stress (Table 4). Our results suggest that Fe-BC was able to activate or trigger only heme-based APX enzyme, due to its Fe-richness and higher Fe uptake under Cd stress. Our results are, in contrast with Mohamed and Aly [61], that Fe deficiency reduced the CAT and APX activity by 49% and 53%, respectively. However, it has been shown that Fe regulates the expression of cytosolic APX enzyme activity by the activation of the APX1 gene [62,63]. Thus, it can be suggested that Fe-BC maintains redox homeostasis by regulating peroxidase enzyme activity.




4.2. Iron-Rich Biochar-Induced Radish Growth Improvement was Due to Higher Chlorophyll Concentrations under Cd Stress


Cd-induced oxidative stress not only affects the defense systems of plants, but also reduces photosynthetic capability of plants [10]. Cd stress reduces chlorophyll concentrations by altering chloroplast structures, disrupted biosynthesis of chlorophyll, and oxidative damage to the growth of photosynthetically active cell in leaves [64]. In the current study, chlorophyll a and b concentrations were significantly reduced by Cd stress (Figure 4), which can be a direct result of Cd toxicity on chlorophyll biosynthesis [65] and minimized carotenoids concentration. The carotenoids are known to protect the chlorophyll and other vital macromolecules by reducing excited triplet state of chlorophyll to avoid the formation of free radicals. However, in the current study, Fe-BC-induced radish growth improvement was due to higher accumulation of chlorophyll concentrations under Cd stress (Figure 4). Similar results are reported by Liu et al. [66] that moderate Fe supplementation increases the photosynthesis capacity by increasing leaf gas exchange and the activation of photosystems I and II. Fe-BC-induced increase in chlorophyll concentrations in radish was positively correlated with Fe-BC-induced activation of APX activity and reduced ROS production (Table 4). As stated above, APX belongs to the heme-containing peroxidase enzyme family, and underlying mechanisms behind Fe-BC-induced higher APX activity could be associated with higher Fe uptake. A strong and positive correlation was also found between chlorophyll concentrations and RDW and SDW in response to Fe-BC treatment under Cd toxicity (Table 4), suggesting the ameliorative role of Fe-BC in inducing Cd tolerance in radish by protecting/stimulating chlorophyll concentrations. Previously, BC application increased the chlorophyll concentrations in numerous plant species under metal stresses [67,68]. BC-amended soil has the ability to enhance N mineralization of soil and absorb NH4+ more than NO3- on its surface, ensuring more N availability for uptake and growth of the plant. In Silybum marianum, potassium-doped BC improves the photosynthesis process by enhancing the synthesis of chlorophyll pigments in plants, and water-holding capacity of soil under drought stress [69].



The reduction in chlorophyll concentration is a result of the replacement of Mg with Cd ions in chlorophyll molecules, as the conversion of chlorophyll to pheophytin percentage enhances with an increase in Cd stress [70]. In the current study, Fe-BC treatment increased Mg concentrations in root and shoot under Cd stress, further explaining the underlying mechanism of higher chlorophyll concentrations in radish under Cd toxicity in response to Fe-BC treatment. Iron is also essential for chlorophyll biosynthesis, and the synthesis of heme and its deficiency significantly impairs plant growth and development [71]; this further explains the increase in chlorophyll concentrations in response to Fe-BC under Cd toxicity.




4.3. Biochar Improves Biomass Accumulation and Plant Nutrition under Cd Stress


Cd toxicity reduces plant growth and development by reducing the morphological and physiological growth of plants, as observed in numerous plant species [72,73]. In the present study, root and shoot dry biomass of radish was decreased by Cd toxicity up to 85% and 30%, respectively, compared with control. Reduction in radish root and shoot biomass production was associated with elevated Cd-induced oxidative damage, altered nutrient uptake, and production of photosynthetic pigments (Table 1). Similar results have been reported in multiple studies, indicating Cd reduces plant growth by altering these physiological mechanisms [66,68,74]. However, Fe-BC application improved RDW and SDW under Cd toxicity, which was positive and strongly correlated with higher nutrient uptake, chlorophyll concentrations, and higher ROS detoxification [75].



Cd interferes with the uptake of numerous essential elements, and thus disrupts ionic homeostasis in plants [76]. In the current study, Cd toxicity reduced the uptake of K, Ca, Mg, and Na, however, Fe-BC treatment improved the uptake of these elements under Cd stress (Table 1 and Table 2). Possible explanations can be suggested here that (i) Fe-BC increased root penetration (as observed in terms of higher RDW) and concomitantly increased the uptake of nutrients from soil solution [77], (ii) the presence of different groups (carboxylic and phenolics) on the Fe-BC surface can significantly improve the water-holding capacity, cation exchange capacity, and nutrient uptake and retention [78,79], and (iii) such modified BC can slow down the cation loss by inducing a shift in transport of soil water nutrient from bypass to matrix flow [80]. The current study also showed that radish roots have higher concentrations of Cd than in shoots of radish plant (Table 2), suggesting the translocation of Cd in radish was tightly regulated, and retained excess Cd in radish root system without causing damage [81]. Cd transport in plants is mediated by several ion transporters, such as low-affinity cation transporter [82], members of the natural resistance-associated macrophage protein (NRAMP) family [83], zinc/iron-regulated transporter-like proteins (ZIPs) [84], and IRT1 (Fe-regulated transporter) [85]. The activities of these transporters are tightly regulated and are greatly influenced in the presence of iron [71,86,87,88]. For instance, in rice, Cd accumulation in root is primarily due to higher expression of OsHMA3 [83] and thus poses more Cd transportation to the vacuoles [89]. In Arabidopsis, NRAMP genes encode metal transporters, and AtNRAMPs transport both the metal nutrient Fe and the toxic metal Cd [90]. Likewise, in rice, the expression of NRAMP tightly controlled the iron and Cd acquisition in root and shoot, and the suppression of OsNRAMP5 promoted Cd translocation to shoots, thus indicating an important role of NRAMP in regulating Fe and Cd transportation. Though the expression analysis of these ion transporters were not conducted in this study, it can be suggested, from these findings, that Fe-BC improves Cd tolerance in plants by regulating the expression of these transporters in roots.



Cd presence in plant root can significantly alter the plant metabolism; hence disturbance occurs in uptake and transportation of nutrients (Ca2+, K+, Mg2+, and Fe2+) from root to shoot [91] (Table 1 and Table 2). There might be some possible fate of Cd while interacting with Fe-BC and plant roots: (i) interaction initiated either by competition with other cations for the binding sites on soil/Fe-BC particles; (ii) sometimes, Cd has the same routes of transportation or transporter families, such as NRAMP and ZIP/IRT, which play an important role in transport of mineral nutrients [92,93], (iii) similarly; a possible mechanism of Cd-induced disturbance in ion balance is initiated that is the competition of Cd for Ca2+ transporters. It causes an inducible deficiency (the deficiency of essential metals in plants) [94]. The struggle between Cd and other nutrients for the same transporters, minimizing the availability of Cd by enhancing its precipitation and adsorption on soil/Fe-BC surface, along with the sequestration of Cd in cell compartments inside the plant, shows the direct impact of nutrients on Cd bioavailability [95].




4.4. Soil Cd and Langmuir and Freundlich Models


The extractable DTPA-Cd was reduced (53%) in combined treatment of Cd+Fe-BC (Table 2), which was confirmed by previous research [96,97]. The above pot study suggested that the decrease in Cd was due to the addition of sulfur-iron-modified BC, which helped in preventing the mobilization of Cd in soil [98], as Fe-BC shows more thermal stability, functional groups, and larger surface area than pristine BC [99]. Moreover, sulfur Fe-BC has a synergetic impact on soil Cd; it possibly causes hydrolysis of Fe and produces Fe (OH)2 and other ageing products, such as goethite, which restricts Cd transportation in soil. It also produces positive charged hydroxyl Fe complexes, such as Fe(OH)3, Fe(OH)2+, Fe2(OH)24+, Fe3(OH)45+, Fe(OH)4-, and Fe2(OH)2 [96], and, moreover, precipitation and coagulation of soil mineral colloids, e.g., negatively charged mineral colloids, such as kaolinite, quartz, montmorillonite, and glimmerton. These substances increase adsorption capacity of PTEs, such as Cd, by isomorphous replacement or attachment with modified BC [97].



Adsorption pattern of Cd was analyzed with two adsorption isotherm models, in which the Langmuir isotherm model displayed a better trend than the Freundlich isotherm model, as it showed higher R2 and qmax values [100] (Table 3). The Langmuir isotherm model showed that the adsorption sites are homogenous, with monolayer coverage of Cd ions on the outer surface of biosorbents (Table 3). There was maximum Cd sorption capacity (qmax) increased from 2.178 to 9.976 with Cd+Fe-BC application relative to Cd only (Table 3). The electrostatic interaction or complexation of Fe-BC with Cd highlighted the metal immobilization, as discussed in our study (Table 3) [101]. With Fe coating on BC, the maximum As (III) sorption capacity increased from 19 to 31 mg g−1, while As (V) sorption increased from 5.5–7.1 to 15–16 mg g−1. He et al. [102] showed that Fe-BC removed As (V) by 6.8 mg g−1, compared to unmodified BC, which shows adsorption capacity of 0.017 mg g−1. The possible sorption mechanism was through As complexation with Fe3+ on the BC surface [103]. Moreover, the adsorption mechanism by Fe-BC is affected by the change of oxidation state of any metal in organic matter, such as ferrous to ferric (as revealed by π-π interaction in this study), ion exchange, surface adsorption, electrostatic interactions, surface complexation, and metal precipitation [104,105,106,107].





5. Conclusions


The current study revealed the positive role of Fe-BC in improving Cd tolerance in plants (Figure 5). BC made from wheat straw and doped with Fe decreases CMP by increasing osmolyte accumulation and by the activation of antioxidant activity. Moreover, Fe-Bc improves plant mineral nutrition and photosynthetic pigment accumulation by reducing the translocation of Cd from root to shoot. Fe-BC treatment showed higher qmax value than all other treatments, which intimated that Fe-BC was an excellent biosorbent for Cd. The current results are very useful in designing or understanding the underlying mechanism of BC-induced heavy metal tolerance in plants.
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Figure 1. Cell membrane permeability (A) (mS cm−1) and malondialdehyde (MDA) (B) (μmol g−1 F.W.) concentration of radish cultivar grown under various treatments (control, Cd, Fe-BC, Cd+Fe-BC). There were three repeats/treatment. Values are the average of three replicates ± standard error of mean (SEM). 
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Figure 2. Ascorbate peroxidase (APX) (A) and catalase (CAT) (B) activities (mol unit activity min−1 mg−1 protein) of radish leaves grown under various treatments (control, Cd, Fe-BC, Cd+Fe-BC). There were three repeats/treatment. Values are the average of three replicates ± SEM. 
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Figure 3. Total root phenolic (A) and total shoot phenolic (B) (mg g−1 F.W.) of radish cultivar grown under various treatments (control, Cd, Fe-BC, Cd+Fe-BC). There were three repeats/treatment. Values are the average of three replicates ± SEM. Total root protein (C) and total shoot protein (D) (mg g−1 F.W.) of radish cultivar grown under various treatments (control, Cd, Fe-BC, Cd+Fe-BC). There were three repeats/treatment. Values are the average of three replicates ± SEM. 
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Figure 4. Chlorophyll a (A) and b (B) concentrations (mg mL−1 F.W.) of radish cultivar grown under various treatments (control, Cd, Fe-BC, Cd+Fe-BC). There were three repeats/treatment. Values are the average of three replicates ± SEM. 
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Figure 5. A graphical summary of the current study; biochar was made from wheat straw and doped with iron to improve BC productivity. Fe-BC improves Cd tolerance in radish by reducing the Cd translocation from root to shoot, by improving photosynthetic pigment accumulation and plant mineral nutrient and biomass accumulation. Fe-BC also improved Cd tolerance by regulating redox regulation. 
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Table 1. Status of macro- and micronutrients in root/shoot of radish cultivar under different treatments (control; Cd; Fe-biochar (BC); Cd+ Fe-BC). Concentrations of sodium (Na), calcium (Ca), potassium (K), and iron (Fe) were determined from both root and shoot of radish cultivar after harvesting.
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Treatment

	
Root

	
Shoot




	
DW

	
Ca

	
Mg

	
K

	
Na

	
Fe

	
DW

	
Ca

	
Mg

	
K

	
Na

	
Fe




	
g

	
mg g−1

	
mg kg−1

	
g

	
mg g−1

	
mg kg−1






	
Control

	
0.07 ± 0.01b

	
0.59 ± 0.11c

	
0.22 ± 0.03c

	
0.03 ± 0.01b

	
0.48 ± 0.01b

	
37.9 ± 11.1b

	
0.1 ± 0.02ab

	
1.94 ± 0.06a

	
0.5 ± 0.03a

	
0.18 ± 0.07a

	
1.28 ± 0.07b

	
37.9 ± 11.1a




	
Cd

	
0.01 ± 0.03c

	
0.42 ± 0.13d

	
0.19 ± 0.06c

	
0.01 ± 0.03b

	
0.49 ± 0.11b

	
71.4 ± 22.3b

	
0.07 ± 0.01ab

	
0.99 ± 0.001c

	
0.2 ± 0.04b

	
0.14 ± 0.07b

	
0.92 ± 0.09c

	
49.1 ± 22.3a




	
Fe-BC

	
0.2 ± 0.01a

	
2.39 ± 0.09a

	
0.47 ± 0.03a

	
0.08 ± 0.07b

	
0.60 ± 0.02b

	
82.5 ± 11.1b

	
0.27 ± 0.01a

	
1.40 ± 0.13b

	
0.3 ± 0.03b

	
0.49 ± 0.03c

	
1.72 ± 0.02a

	
60.2 ± 11.1a




	
Cd+Fe-BC

	
0.22 ± 0.07a

	
2.17 ± 0.57b

	
0.49 ± 0.15b

	
0.14 ± 0.05a

	
0.93 ± 0.09a

	
171.8 ± 11.1a

	
0.20 ± 0.04a

	
2.10 ± 0.08a

	
0.6 ± 0.08a

	
0.35 ± 0.02d

	
0.72 ± 0.09d

	
71.4 ± 22.3a




	
LSD0.05

	
0.03

	
0.15

	
0.06

	
0.09

	
0.16

	
46.48

	
0.17

	
0.2

	
0.06

	
0.04

	
0.17

	
26.83








Mean values showing different letters are significantly different (≤ p ≤ 0.05) from each other.
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Table 2. Cd concentration in root and shoot, along with diethylenetriamine pentaacetic acid (DTPA)-extractable Cd in soil under different treatments (control, Cd, Fe-BC, Cd+ Fe-BC) were measured after harvesting of radish cultivar.
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	Parameters
	Root Cd mg g−1
	Shoot Cd mg g−1
	DTPA-Extractable Cd in Soil mg kg−1





	Control
	n.d. *
	n.d. *
	1.21 ± 0.30



	Cd
	0.0257 ± 0
	0.005 ± 0.04
	1.86 ± 0.06



	Fe-BC
	n.d. *
	n.d. *
	0.78 ± 0.30



	Cd+Fe-BC
	0.002 ± 0.02
	n.d. *
	1.21 ± 0.30







* n.d. = not detected.
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Table 3. Comparison between Langmuir and Freundlich isotherm for Cd ions biosorption onto Fe-BC under various treatments (control, Cd, Fe-BC, Cd+Fe-BC). The best model was selected based on Cd adsorption on soil–Fe-BC interface, represented as R2 and qmax values. See text for further interpretation.
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Biosorbent

	
Freundlich

	
Langmuir




	
KF

mg kg−1

	
1/n

	
R2

	
qe

mg kg−1

	
Xm qmax

mg kg−1

	
KL

mg kg−1

	
R2






	
Control

	
0.1194

	
0.437

	
0.9951

	
2.6422

	
0.6608

	
3.6616

	
0.9993




	
Cd

	
0.788

	
0.0276

	
0.9983

	
0.3358

	
2.1786

	
8.470

	
0.9982




	
Fe-BC

	
0.1254

	
0.3962

	
0.9989

	
2.6621

	
4.9904

	
1.00001

	
0.9998




	
Cd+Fe-BC

	
0.9059

	
0.2879

	
0.9517

	
1.4707

	
9.9786

	
9.7276

	
0.9991
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Table 4. Pearson coefficient correlation drawn between the radish dry weight and its physiological and biochemical parameters.
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CMP

	
MDA

	
APX

	
CAT

	
Total Root Phenolic

	
TRP

	
TSP

	
Chl a

	
Chl b

	
Total Shoot Phenolic

	
RDW






	
MDA

	
0.2773

	




	
APX

	
0.0811

	
−0.7376 **

	




	
CAT

	
−0.5720 *

	
−0.1369

	
0.6464 *

	




	
Total root phenolic

	
−0.2106

	
−0.7745 **

	
0.8945 **

	
0.3861

	




	
TRP

	
−0.3777

	
−0.7020 **

	
0.6899 **

	
0.2769

	
0.7753 **

	




	
TSP

	
−0.5423

	
0.1428

	
−0.4083

	
−0.4057

	
−0.2044

	
0.2045

	




	
Chl a

	
−0.4664

	
−0.9051 **

	
0.5930 *

	
−0.0510

	
0.6835 **

	
0.5642 *

	
0.0128

	




	
Chl b

	
−0.6177 *

	
−0.7853 **

	
0.6744 **

	
0.0926

	
0.7725 **

	
0.8740 **

	
0.1791

	
0.7359 **

	




	
Total shoot phenolic

	
−0.2479

	
−0.5678 *

	
0.7377 **

	
0.6069*

	
0.6948 **

	
0.7633 **

	
0.0428

	
0.5120

	
0.7325 **

	




	
RDW

	
−0.5150

	
−0.8375 **

	
0.7602 **

	
0.2434

	
0.8772 **

	
0.8833 **

	
0.1127

	
0.7857 **

	
0.9459 **

	
0.8256 **

	




	
SDW

	
−0.7988 **

	
−0.3926

	
0.2593

	
−0.0329

	
0.4545

	
0.5952 *

	
0.3900

	
0.4585

	
0.7324 **

	
0.6767 **

	
0.7501 **








CMP—Cell membrane permeability; MDA—Malondialdehyde; APX—Ascorbate Peroxidase; CAT—Catalase; TRP—Total root protein; TSP—Total shoot protein; Chl a—Chlorophyll a; Chl b—Chlorophyll b; RDW—Root dry weight; SDW—Shoot dry weight, * Significant at p ≤ 0.05, ** highly significant at p ≤ 0.01.
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