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Abstract: Arsenic (As) contaminated food chains have emerged as a serious public concern for humans and animals and are known to affect the cultivation of edible crops throughout the world. Therefore, the present study was designed to investigate the individual as well as the combined effects of exogenous silicon (Si) and sodium nitroprusside (SNP), a nitric oxide (NO) donor, on plant growth, metabolites, and antioxidant defense systems of radish (Raphanus sativus L.) plants under three different concentrations of As stress, i.e., 0.3, 0.5, and 0.7 mM in a pot experiment. The results showed that As stress reduced the growth parameters of radish plants by increasing the level of oxidative stress markers, i.e., malondialdehyde and hydrogen peroxide. However, foliar application of Si (2 mM) and pretreatment with SNP (100 µM) alone as well as in combination with Si improved the plant growth parameters, i.e., root length, fresh and dry weight of plants under As stress. Furthermore, As stress also reduced protein, and metabolites contents (flavonoids, phenolic and anthocyanin). Activities of antioxidative enzymes such as catalase (CAT), ascorbate peroxidase (APX), guaiacol peroxidase (POD), and polyphenol oxidase (PPO), as well as the content of non-enzymatic antioxidants (glutathione and ascorbic acid) decreased under As stress. In most of the parameters in radish, As III concentration showed maximum reduction, as compared to As I and II concentrations. However, the individual and combined application of Si and NO significantly alleviated the As-mediated oxidative stress in radish plants by increasing the protein, and metabolites content. Enhancement in the activities of CAT, APX, POD and PPO enzymes were recorded. Contents of glutathione and ascorbic acid were also enhanced in response to co-application of Si and NO under As stress. Results obtained were more pronounced when Si and NO were applied in combination under As stress, as compared to their individual application. In short, the current study highlights that Si and NO synergistically regulate plant growth through lowering the As-mediated oxidative stress by upregulating the metabolites content, activity of antioxidative enzymes and non-enzymatic antioxidants in radish plants.
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1  Introduction

Crop yield and productivity are hindered due to the presence of noxious elements in the soil, among which arsenic (As) is a non-essential metalloid present in the natural ecosystem. It is highly disadvantageous to plants and animals and is distributed throughout the world [1]. Arsenic enters the ecosystem through mining, industries, volcanic emissions, excessive use of fertilizers, insecticides, etc., and is mostly contained in domestic and industrial sewage sludge [2,3]. Various characteristics of soil and soil solution, and their associations with other noxious moieties, determine the bioavailability of As in the soil at any stage [4]. The accumulation of As in crop plants takes place either by the existence of As in soils or its occurrence in irrigation water. The presence of As in soil impedes food safety by adversely affecting plant growth and development and may become a part of the food chain [5]. Arsenic accumulation in crops is known to cause various morphological, physiological, biochemical, and molecular alterations [6,7]. Arsenic stress cause excessive release of reactive oxygen species (ROS) such as hydroxyl (OH.), superoxide (O2.−) radicals, and hydrogen peroxide (H2O2) in plants, which ultimately cause oxidative stress and damage the cell membranes. Plants possess antioxidant defense systems, i.e., enzymatic and non-enzymatic antioxidants, to minimize the noxious effects of excessive ROS, which helps to cope with the As-mediated oxidative stress [8].

Arsenic contamination has now been controlled by the use of eco-friendly substances, among which nitric oxide (NO) and silicon (Si) have received much attention recently. Nitric oxide is a small gaseous plant signaling molecule that plays a vital role in mediating plant growth and development under both normal physiological as well as biotic and abiotic conditions [9]. Depending on its rate of production, it acts both as an antioxidant and a pro-oxidant, as at a lower quantity, it functions as a beneficial material to protect against environmental stresses. At the same time, at larger amounts, it causes nitroso-oxidative stress and acts as a stress molecule [10]. Nitric oxide is also considered to reduce metal toxicity due to its signaling role and stimulates the plant’s antioxidant defense system to decline oxidative stress by decomposing H2O2 to molecular oxygen and triggering H2O2-suppressing enzymes [11–13]. An increase in the activities of catalase (CAT), superoxide dismutase (SOD), and ascorbate peroxidase (APX) enzymes showed a positive role of NO in the activation of stress-responsive enzymes [14]. Aluminium (Al) and As stress was significantly mitigated by the exogenous application of NO in wheat and rice plants [15,16]. Activities of antioxidant enzymes were improved by the exogenous application of NO to detoxify the overproduction of ROS [17,18]. Increased growth and reduced synthesis of H2O2 and MDA under As stress were observed in plants with exogenously applied NO [19]. Abbas et al. [20] reported reduced uptake of As and subsequent translocation from root to shoot in NO-treated plants.

Silicon is one of the essential mineral elements, which is 2nd most abundant mineral element on Earth’s crust after oxygen and is available to plants in the form of silicic acid [Si(OH)4] [21,22]. Silicon is highly considered as a beneficial nutrient as it increases various growth and metabolic activities such as growth parameters, photosynthetic activity, metabolism, antioxidant defense system etc., to improve plant tolerance to multiple environmental stresses [22–24]. Sustainable crop productivity can be enhanced by the accumulation of Si as it protects plants from various abiotic stresses such as metals, temperature, salinity, and drought [22,25,26]. Silicon also regulates various molecular aspects of the plants under both normal and stressed conditions [22,27,28]. Several researchers have found that different metal and metalloid stresses such as lead (Pb), As, cadmium (Cd), mercury (Hg), Al, manganese (Mn), zinc (Zn), copper (Cu), or antimony (Sb) can be mitigated by the exogenous application of Si in various plant cultivars [29–31]. Plants’ phenolics and flavonoids play important roles, notably in the antioxidant defence system, and aid the plants to perform metabolic flexibility to acclimatize under heavy metal stresses [32]. Phenolic compounds are considered to be associated with the mitigation of oxidative stress to stabilize the cellular membrane, due to their role in metal chelating and radical scavenging. Hence, the presence of phenolic compounds is thought to be an adaptive mechanism for dealing with metal toxicity [33].

Radish (Raphanus sativus L.) belongs to the Brassicaceae family and is an imperative annual root vegetable crop with diverse edible and therapeutic uses. Radish is rich in dietary fibres, carbohydrates, proteins, even some fats, water-soluble vitamins, mineral nutrients, etc. [34]. As a model crop, radish is a well-known crop as a hyperaccumulator of metals and is highly sensitive to various heavy metal stresses [35–37]. It is one of the most important horticulture and medicinal crop, which is a good source of ascorbic acid, folic acid, and potassium, and is rich in active constituents like glucosinolates and isothiocyanates [38,39].

Arsenic uptake in plants adversely affects morpho-anatomical, biochemical, physiological, and molecular aspects. Therefore, reduction in As uptake, translocation, and accumulation from soil to radish plants has recently become a global issue for improving its growth, and productivity and to fulfil the food demand of an ever-increasing world population. A variety of methods can be used to improve As tolerance in plants to limit or lessen As uptake by the roots, and to reduce its translocation to the upper plant parts [40]. However, As remediation through the physical method, thermal desorption, chemical, and electrokinetic remediation have not been successful so far due to their cost, effectiveness, and environmental friendly remediation issue. Therefore, a reduction in As toxicity is urgently needed through the application of safe and cost-effective substances. In this context, exogenous application of the micro-nutrient Si and the gaseous signaling molecule NO could be a cost-effective, efficient and eco-friendly strategy to improve plant tolerance to As contamination. Moreover, a few studies have been conducted on the combined effects of Si and NO under metal stresses [41,42], but no study has been conducted on the combined effects of Si and NO on radish under As stress. Therefore, the present study was intended to investigate the individual as well as combined effects of exogenously applied Si and NO on plant growth, metabolites, and antioxidant defense system in radish plants under As toxicity.

2  Material and Methods

2.1 Plant Materials, Growth Conditions and Treatments

Seeds of radish (Punjab safed mooli 2) were procured from Punjab Agricultural University, Ludhiana (Punjab), India. The present experiment was carried out under natural environmental conditions at the agricultural farm of Lovely Professional University, Phagwara, Punjab. Surface sterilization of seeds was done with 1% sodium hypochlorite for 5 min and washed three times with distilled water.

Seeds of radish were then soaked in 100 µM sodium nitroprusside (SNP) solution, which is a NO donor, for 8 h, and for the same time duration, the remaining seeds were dipped in distilled water. Thirty seeds were then sown in each plastic pot (total 48 pots, 24 cm in diameter and 40 cm in height) which were filled with field soil and organic manure (vermicompost) in a ratio of 3:1. Arsenic was applied in the form of sodium arsenate to the soil. In the preliminary study, a 50% reduction in growth was observed at 0.5 mM As concentration, so the final concentrations chosen for the present study were 0.3, 0.5, and 0.7 mM. Effective concentrations of Si (2 mM) and NO (100 µM) were chosen based on the highest plant growth observed (these preliminary results are unpublished). Fifteen plants were retained in each pot after the seedling emergence. Plants were exogenously supplied with a foliar spray of Si in the form of silicic acid at 2 mM concentration after 5 days of seedling emergence. The selected pots for Si treatment were sprayed with 150 mL silicic acid. Plants were then harvested on the 30th day after sowing to evaluate various morphological and biochemical parameters. Plant leaves were used for further analysis. The experiment included 16 treatments: (1) control, (2) As I (0.3 mM), (3) As II (0.5 mM), (4) As III (0.7 mM), (5) Si, (6) Si + As I, (7) Si + As II, (8) Si + As III, (9) NO, (10) NO + As I, (11) NO + As II, (12) NO + As III, (13) Si + NO, (14) Si + NO + As I, (15) Si + NO + As II and (16) Si + NO + As III.

2.2 Measurement of Growth Parameters

In the growth parameters, root length (cm), fresh and dry weight (mg) of whole plants were measured in 30 days old plants of radish.

2.3 Oxidative Stress Markers

2.3.1 Malondialdehyde (MDA) Concentration

Heath et al. [43] protocol was followed to measure MDA concentration. Briefly, 0.1% trichloroacetic acid (TCA) was used to homogenize 1 g of leaf tissue, followed by centrifugation at 5,000 rpm. Then 20% TCA containing 0.5% thiobarbituric acid (TBA) was mixed with 1 mL of supernatant, which was then incubated at 95°C for half an hour followed by cooling on ice. Absorbance of the supernatant was read at 532 nm and correction of nonspecific absorbance was done by subtraction of absorbance taken at 600 nm. The extinction coefficient used was 155 mM−1 cm−1.

2.3.2 Hydrogen Peroxide (H2O2) Concentration

Hydrogen peroxide concentration was measured according to the method of Velikova et al. [44]. Briefly, 0.1% of TCA was used for the homogenization of 100 mg of leaf tissue and centrifugation was carried out at 12,000 rpm for 15 min. Then, 0.4 and 0.8 mL of potassium phosphate buffer (10 mM, pH 7.0) and potassium iodide (1 M, pH 7.4) respectively were mixed with the 0.5 mL of supernatant. The absorbance of the sample was measured at 390 nm. H2O2 was used as standard and plotted in the standard curve to calculate the H2O2 concentration.

2.4 Metabolites

2.4.1 Flavonoid Concentration

To measure the flavonoid concentration, 500 mg of fresh leaf tissue was homogenized in 3 mL of absolute methanol. Centrifugation was carried out at 13,000 rpm for 20 min. Then, 4 mL of double distilled water (DDW), 0.3 mL of sodium nitrite (NaNO2) and 0.3 mL of aluminum chloride (AlCl3) were added to the 1 mL of supernatant and then incubated for 5 min in the dark. Pink color was appeared after the incorporation of 2 mL sodium hydroxide (NaOH) into it. Then 2.4 mL of distilled water was added. Rutin was taken as standard for the calculation of flavonoid concentration through the standard curve and 510 nm wavelength was set to take the optical density. Flavonoid concentration was measured by the method of Kim et al. [45].

2.4.2 Phenolic Concentration

Phenolic concentration was analyzed by following the method of Malick et al. [46]. Briefly, 0.5 g of leaves were crushed in 80% ethanol. Homogenate was then centrifuged for 20 min at 10,000 rpm. After this, 0.5 mL of folin-ciocalteu reagent and 20% sodium carbonate (Na2CO3) were mixed with the supernatant. Optical density was read at 650 nm and gallic acid was used as reference standard.

2.4.3 Anthocyanin Concentration

Mancinelli [47] protocol was followed to evaluate total anthocyanin concentration. Extraction mixture was prepared by mixing methanol:water:HCl in the ratio of 79:20:1. Then 3 mL of this extraction mixture was taken to crush 0.5 g of fresh leaf tissue. Centrifugation of the homogenate was performed at 13,000 rpm for 20 min. Optical density of the supernatant was read at 530 and 657 nm wavelength.

2.5 Protein Concentration and Activities of Antioxidative Enzymes

2.5.1 Protein Concentration

Lowry [48] protocol was followed to estimate protein concentration. Briefly, 3 mL phosphate buffer was used for the extraction of 500 mg leaf tissue followed by centrifugation at 10,000 rpm for 10 min. Further, 0.9 mL distilled water was added in 0.1 mL of the supernatant to make it 1 mL. 5 mL of reagent C [mixture of reagent A (sodium carbonate in sodium hydroxide) + reagent B (copper sulphate in potassium sodium tartarate)] was added to each tube. It was mixed well and was allowed to stand for 10 min. Then 0.5 mL of reagent D (folin-ciocalteu reagent) was added, mixed well and incubated at room temperature in the dark for 30 min. Blue color was developed. The readings were taken at 660 nm. Bovine serum albumin (BSA) was used as a reference standard.

2.5.2 Activities of Antioxidative Enzymes

CAT activity was evaluated by the standard protocol given by Aebi [49]. Briefly, 1 g of leaf tissue was used for extracting enzyme in 3 mL phosphate buffer (100 mM, pH 7.0) and centrifuged at 5,000 rpm for 20 min. Change in absorbance was measured at 240 nm by adding 50 µL of plant sample containing 2.650 mL of 100 mM phosphate buffer and 300 µL of H2O2 (150 mM). The extinction coefficient used was 43.6 mM−1 cm−1.

APX enzyme activity was estimated by the standard protocol of Nakano et al. [50] method. Briefly, 1 g of leaf tissue was used for extracting enzyme in 3 mL phosphate buffer (100 mM, pH 7.0). Centrifugation was carried out at 5,000 rpm for 20 min. After this, 50 µL of plant sample was added the in the cuvette containing 2.370 mL phosphate buffer (100 mM, pH 7.0), 0.3 mL ascorbate (5 mM) and 0.3 mL H2O2 (0.5 mM). The absorbance was recorded at 290 nm. The extinction coefficient used was 2.8 mM−1 cm−1.

POD enzyme activity was measured by following the standard protocol of Putter [51]. Briefly, 1 g of leaf tissue was used for extracting enzyme in 3 mL phosphate buffer (100 mM, pH 7.0). Centrifugation was carried out at 5,000 rpm for 20 min. Then, 50 µL of plant sample was added in the cuvette containing 2.370 mL phosphate buffer (0.1 M, pH 7.0), 0.3 mL guaiacol (20 mM) and 0.3 mL H2O2 (12.3 mM). The absorbance was recorded at 436 nm. The extinction coefficient used was 25.5 mM−1 cm−1.

Polyphenol oxidase (PPO) enzyme activity was measured by Kumar et al. [52] method. Briefly, 50 µL of leaf sample was added in the cuvette containing 1950 µL of phosphate buffer (0.1 M), 0.5 mL catechol (0.1 M), and 0.5 mL of 2.5 N sulfuric acid (H2SO4). The absorbance was taken at 495 nm. The extinction coefficient used was 2.9 mM−1 cm−1.

2.6 Non-enzymatic Antioxidants

2.6.1 Ascorbic Acid

Ascorbic acid concentration was measured by the method given by Roe et al. [53]. Briefly, 0.5 g of leaf tissue was homogenized in 50 mM tris buffer (pH 10.0) followed by centrifugation at 13,000 rpm for 20 min. To the 0.5 mL of leaf extract, 100 mg charcoal, 4 mL of DDW, and 0.5 mL of 50% TCA were added, followed by filtration with Whatman filter paper 1. Incubation was given at 37°C for 3 h after adding 0.4 mL of DNPH (2,4-dinitrophenyl hydrazine) to filtrate followed by addition of 1.6 mL cold H2SO4 (65%). The mixture was then kept at room temperature for 30 min. Ascorbic acid (1 mg 100 mL−1) was used as standard. The absorbance was measured at 520 nm.

2.6.2 Glutathione (GSH) Concentration

The concentration of glutathione was analyzed by the method given by Sedlak et al. [54]. Briefly, 1 g of leaf tissue was extracted in 3 mL tris buffer (50 mM, pH 10.0) followed by centrifugation at 13,000 rpm for 20 min. Then, 1 mL of tris buffer (0.2 M, pH 8.2), 50 µL of 0.01 M DTNB [(5,5′-dithiobis-(2-nitrobenzoic acid)] and 4 mL of absolute methanol, were added in the test tube containing 100 µL of supernatant. Incubation was done at room temperature for 15 min. The reaction mixture was again centrifuged for 15 min at 3,000 rpm. Furthermore, 1 mg 100 mL−1 glutathione was used as a standard for the determination of glutathione concentration. Optical density was measured at 412 nm.

2.7 Statistical Analysis

Data were analyzed by using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). The statistical significance was performed with a one-way analysis of variance (ANOVA) and Tukey’s test at P < 0.05 level of significance between the treatments. Means with dissimilar letters in the bar graphs are statistically significant at a P value less than 0.05. Triplicates (three pots per replication) were used for each experiment and performed two times independently (total of 6 samples per treatment). Data is expressed as the means ± SEM in figures. Principal component analysis (PCA) was performed using fviz-pca function of the factoextra R package Ver. 1.0.7 in RStudio. Pearson’s correlation analysis was performed using the mcor function, and corrplots were prepared using corrplot package Ver. 0.89 in RStudio.

3  Results

3.1 Si and NO-Mediated Plant Growth Parameters under As Stress

Effect of exogenous application of Si and NO under As stress on plant growth parameters were evaluated in terms of root length (Fig. 1A), fresh weight (Fig. 1B), and dry weight of whole plant (Fig. 1C). Root length was reduced by 32%, 42% and 56%; at 0.3, 0.5 and 0.7 mM As concentrations, respectively, as compared to control plants. Individual application of Si and NO significantly improved the root length. Only a 4% reduction in root length was observed in the case of Si + As I treatment when compared to control plants. Combined application of Si + NO + As I caused a 22% increase in the root length, as compared to control plants.
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Figure 1: Effect of Si and NO on root length (A), fresh weight (B) and dry weight (C) in radish plants under As stress. Each value denotes the mean of three replicates for every treatment level along with standard error of mean (SEM). Letters above a column followed by dissimilar letters above other columns are significantly different at P < 0.05. CN-control; Si-silicon; NO-nitric oxide; As I-0.3 mM; As II-0.5 mM; As III-0.7 mM

Results revealed that As treatment also caused a decrease in the fresh and dry weights with 65%, 58% and 68%; 58%, 60% and 63% at As I, As II and As III concentrations, respectively. But the addition of Si and NO significantly alleviated the As-mediated toxicity in radish plants. Under unstressed conditions, fresh and dry weights were increased by 56%, and 151% in Si applied plants while 48%, and 163% were observed in NO pre-treated plants, respectively, as compared to control plants. In case of NO + As I treated plants, an increase of 9% in fresh weight and 114% in dry weight was observed, in comparison to control plants. Combined application of Si and NO under As stress caused a reduction in fresh and dry weights by 19%, 22% and 27%; 14%, 26% and 30% at As I, As II and As III concentrations, respectively, in comparison to their respective control plants, i.e., Si + NO.

3.2 Si and NO-Mediated Regulation of Oxidative Stress Markers in As Stressed Plants

Oxidative stress was observed to be high in the case of As-treated plants in terms of MDA and H2O2 levels. As I, As II and As III concentrations caused 28%, 27% and 36% elevation in the MDA concentration, respectively, as compared to control plants (Fig. 2A). However, individual application of Si and NO at As I, As II and As III concentration reduced the level of MDA with 18%, 22% and 28%; 20%, 15% and 25%, respectively in comparison to control plants. The level of H2O2 was also found to be increased under all three As concentrations among which the highest H2O2 level was at As III concentration. Individual as well as combined application of Si and NO caused a significant decrease in the level of H2O2 as compared to As alone treated plants. A 47% increase in the H2O2 level was found in Si + As III applied plants, as compared to As III alone treated plants (Fig. 2B). Combined application of Si + NO under As I and As III concentration caused a decline of 6% and 25%, respectively, in comparison to their respective control plants, i.e., Si + NO.

[image: images]

Figure 2: Effect of Si and NO on MDA (A) and H2O2 (B) level in radish plants under As stress. Each value denotes the mean of three replicates for every treatment level along with standard error of mean (SEM). Letters above a column followed by dissimilar letters above other columns are significantly different at P < 0.05. CN-control; Si-silicon; NO-nitric oxide; As I-0.3 mM; As II-0.5 mM; As III-0.7 mM

3.3 Influence of Si and NO on Plant Metabolites under As Stress

Flavonoid concentrations drastically declined in all the As stressed radish plants with a decrease of 26%, 27% and 29% at As I, As II and As III concentrations, respectively (Fig. 3A). Silicon application under stressed conditions caused alleviation of As stress by increasing the flavonoid concentration. Among these, Si + As II treated plants caused only a 6% reduction in flavonoid concentration when compared with the Si control plants. The combined application of Si and NO caused 19%, 24% and 17% increase in the flavonoid concentration at As I, As II and As III concentrations, respectively, as compared to control plants.
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Figure 3: Effect of Si and NO on flavonoid (A), phenolic (B), anthocyanin (C) and protein (D) concentration in radish plants under As stress. Each value denotes the mean of three replicates for every treatment level along with standard error of mean (SEM). Letters above a column followed by dissimilar letters above other columns are significantly different at P < 0.05. CN-control; Si-silicon; NO-nitric oxide; As I-0.3 mM; As II-0.5 mM; As III-0.7 mM

As stress caused a decline in the phenolic concentration in radish plants with a decrease of 20%, 40% and 44% at As I, As II and As III concentrations, respectively when compared with control plants (Fig. 3B). Individual as well as combined application of Si and NO improved the As mediated decrease in the phenolic concentration. A maximum increase in the phenolic concentration was observed in Si + NO and NO control plants by 26% and 13%, respectively, as compared to control plants. Silicon and NO in combination under As II stress showed better concentration of phenolic as compared to Si + NO + As I and Si + NO + As III treated plants.

Arsenic stressed radish plants exhibited a decrease in anthocyanin concentration by 31%, 32% and 41% in contrast to the control plants. In the present study, application of Si and pretreatment with NO alone and in combination enhanced the anthocyanin concentration. Individual application of Si under As I, II and III concentrations caused only a decrease of 15%, 21% and 17% in anthocyanin concentration (Fig. 3C), when compared with control plants. Whereas individual application NO at As I caused a minor increase of 2%, and a decrease of 3% and 8% at As II and III concentrations, respectively, as compared to control plants. The maximum concentration of anthocyanin among Si + NO treatments under As stress was found at As I concentration.

3.4 Si and NO-Mediated Protein Concentration and Antioxidative Enzymes Activity

Total protein concentration was observed to be decreased due to exposure to As in radish plants. It was found to be decreased by 14%, 14% and 21% at As I, II, and III concentrations, respectively, as compared to control plants (Fig. 3D). On the other hand, application of Si, NO and Si + NO significantly mitigated the toxic effects of As in radish plants. In addition to this, Si, NO, and Si + NO control plants significantly influenced protein concentration with an increase of 22%, 24% and 29% over the control plants. In the Si and NO combined plants under As stress, maximum protein concentration was observed at As I concentration. Only a 13% decrease in the protein concentration was found in Si + NO + As I treated plants, when compared with As I stressed plants.

In the present study, the activities of antioxidative enzymes, i.e., CAT, APX, POD, and PPO were evaluated. In As-treated plants, the activity of CAT enzyme was observed to be reduced as compared to control plants. The activity of CAT was found to be increased by 21%, 13% and 34% in Si, NO and Si + NO control plants, respectively as compared to control plants (Fig. 4A). Exogenous application of Si under As stress augmented the CAT activity in comparison to As alone stressed plants. In the case of combined application of Si + NO under As stress, maximum increase in the CAT activity was at As III concentration (30%), over the control plants.
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Figure 4: Effect of Si and NO on CAT (A), APX (B), POD (C) and PPO (D) in radish plants under As stress. Each value denotes the mean of three replicates for every treatment level along with standard error of mean (SEM). Letters above a column followed by dissimilar letters above other columns are significantly different at P < 0.05. CN-control; Si-silicon; NO-nitric oxide; As I-0.3 mM; As II-0.5 mM; As III-0.7 mM

The activity of APX enzyme was also found to be improved by the supplementation of Si and NO under As stress. Application of Si under As I stress showed only a 5% increase in the APX activity, in contrast to control plants. Pretreatment with NO caused elevation of 10% and 6% under As I and II concentrations, respectively, while observed only a decrease of 3% in case of As III concentration as compared to control plants (Fig. 4B). Co-application of Si and NO significantly alleviated the As-mediated adverse effects on APX activity by reduction of only by 16%, 8%, and 21% at As I, II and III concentrations as compared to their respective control plants, i.e., Si + NO.

Arsenic stress also caused a decline in the POD activity when compared with the control plants. However, the application of Si and NO resulted in a significant increase in the POD activity as compared to As-stressed plants. Maximum POD activity was observed at Si + NO treatment followed by NO control plants. Individual pretreatment with NO caused elevation in the POD activity by 8%, 3% and 3% at As I, II and III concentrations, respectively, when compared with control plants (Fig. 4C). In Si + NO plants under As II stress, 6% increase in the activity of POD was noticed, as compared to control plants.

Polyphenol oxidase enzyme activity was observed to be reduced under As stress with a maximum reduction of 41% at As III concentration, as compared to control plants. Individual as well as combined application of Si and NO improved the PPO activity of radish plants under As stress (Fig. 4D). An increase of 19% and 22% was noticed in Si and NO control plants, respectively as compared to control plants. Individual application of Si and NO resulted in a reduction of only 18%, 21% and 10%; 14%, 5% and 8% at As I, II and III concentrations when compared with their respective control plants. Combined application of Si and NO under As stress showed maximum PPO activity at As III concentration with a 33% increase in comparison to control plants.

3.5 Effect of Si and NO on Non-Enzymatic Antioxidants of Radish under As Stress

Glutathione concentration was found to be decreased with the increase in the As concentration. Minimum glutathione concentration was in As III stressed plants i.e., a decrease of 39% as compared to control plants (Fig. 5A). Silicon and NO control plants showed an increase of 5% and 1%, as compared to control plants. Individual application of Si mitigated the As toxicity by showing a decrease of only 13%, 10% and 6% at As I, II and III concentrations, as compared to their respective control plants. Combined supplementation of Si and NO increased the glutathione concentration by 10%, 8% and 5% as compared to control plants.
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Figure 5: Effect of Si and NO on glutathione (A) and ascorbic acid (B) concentration in radish plants under As stress. Each value denotes the mean of three replicates for every treatment level along with standard error of mean (SEM). Letters above a column followed by dissimilar letters above other columns are significantly different at P < 0.05. CN-control; Si-silicon; NO-nitric oxide; As I-0.3 mM; As II-0.5 mM; As III-0.7 mM

The ascorbic acid amount was also declined in the case of As stressed plants. At As I, II and III concentrations, a decline of 26%, 36% and 41% was observed, when compared with control plants. However, individual as well as combined application of Si and NO significantly improved the ascorbic acid concentration under As stress (Fig. 5B). Maximum concentration was observed at Si + NO control plants, among all the treatments used in this study. In the case of combined treatment of Si and NO, only a decrease of 11%, 7% and 12% was observed at As I, II and III concentrations as compared to their respective control plants, i.e., Si + NO.

3.6 Principal Component and Correlation Analysis

To appraise the impact of Si and NO treatments on the explored traits of radish plants, the score and loading diagrams of PCA were implemented (Fig. 6). The first two components, i.e., Dim1 (PC1, 84.4%) and Dim2 (PC2, 6.1%) exhibited the highest participation and represented 90% of the total variance in the dataset. Pertaining to Si, NO, and As application, similar treatments at various levels/combinations were grouped nearby. On the other hand, the various treatments were divided well by the first two components (Fig. 6A). This division of the diverse treatments obviously suggested that the NO and Si treatments under As stress had a strong ameliorative effect on the examined traits of radish plants than CN. The first set of the variables of PCA (PC1), is found to be positively correlated with most of the variables such as root length, fresh weight, dry weight, flavonoid, protein, phenolic, anthocyanin, catalase, ascorbate peroxidase, guaiacol peroxidase, polyphenol oxidase, glutathione, and ascorbic acid (Fig. 6B). In contrast, a noteworthy negative correlation of PC1 variables (H2O2 and MDA) was found to be in line up with PC2 (Fig. 6B).
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Figure 6: Principal component analysis (PCA) of (A) individual treatments by PCA and (B) diverse analyzed parameters of radish plants under As stress. (A) Score plot indicates the separation of treatments of NO, As, Si, Si + NO, NO + As, Si + As and Si + NO + As
Abbreviations: control (CN); silicon (Si); nitric oxide (NO); root length (RL); fresh weight (FW); dry weight (DW); malondialdehyde (MDA); hydrogen peroxide (H2O2); flavonoid (FL); protein (Prot); phenolic (Phen); anthocyanin (Ant); catalase (CAT); ascorbate peroxidase (APX); guaiacol peroxidase (POD); polyphenol oxidase (PPO); glutathione (GSH); ascorbic acid (AsA).

A Pearson’s correlation analysis was executed between diverse analyzed traits of radish plants (Fig. 7). The correlation analysis showed that H2O2 and MDA were negatively correlated with other traits such as root length, fresh weight, dry weight, flavonoid, protein, phenolic, anthocyanin, catalase, ascorbate peroxidase, guaiacol peroxidase, polyphenol oxidase, glutathione, and ascorbic acid. In contrast, all other traits showed a strong positive correlation with each other (Fig. 7). This correlation characterizes a close bond between growth traits, metabolites, antioxidant defense systems and NO and Si-mediated As tolerance in radish plants.
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Figure 7: Pearson’s correlation analysis between diverse analyzed parameters of radish plants under As stress. Blue and brownish colors indicate positive and negative correlation, correspondingly
Abbreviations: control (CN); silicon (Si); nitric oxide (NO); root length (RL); fresh weight (FW); dry weight (DW); malondialdehyde (MDA); hydrogen peroxide (H2O2); flavonoid (FL); protein (Prot); phenolic (Phen); anthocyanin (Ant); catalase (CAT); ascorbate peroxidase (APX); guaiacol peroxidase (POD); polyphenol oxidase (PPO); glutathione (GSH); ascorbic acid (AsA).

4  Discussion

Inhibitory effects of As on plant growth parameters were observed in various studies [55–57]. In the present study, As stress negatively affected the growth and biomass of radish plants. Chromium stress caused ultrastructural alterations in various parts of plants and degradation of chlorophyll pigments in Brassica napus [58]. Similar impairments could be involved in the As-mediated reduction in the growth of radish plants. However, our results showed that individual as well as combined application of Si and NO mitigated As-mediated toxicity and improved the growth of radish plants. Previous studies indicated that NO [59–61] and Si [62,63] increased the growth and biomass of plants due to their impacts on lowering heavy metal uptake or improving uptake of essential nutrients and elevating photosynthetic pigments. Saleem et al. [64] found that the application of Si to Zea mays plants increased the root length, and plant biomass under Cd stress. Si triggered an improvement in nutrient uptake and played a defensive role on root structure to increase the plant growth under metal stress (Cu in wheat and Ni in cotton seedlings, respectively) [65,66]. Biomass production can be improved through the application of Si in the form of soluble silicic acid Si(OH)4, which ultimately stimulates biochemical and molecular processes [67]. Shoot length and dry weight were observed to be increased by the addition of NO under Pb and Cd stress in Arundinaria pygmaea [12]. Similar findings were observed by Singh et al. [68] in terms of an increase in root length, shoot length, and biomass under As stress in Oryza sativa plants. The stimulated activity of antioxidant enzymes and osmolytes, decline in electrolyte leakage, and metal accretion in different plant parts are some of the major factors behind the positive role of NO on plant growth under stressed conditions [69].

Phenolic compounds, which are formed by shikimic acid or phenyl-propanoid pathways, act as imperative antioxidants under different environmental stresses [70]. During the present study, the concentration of metabolites, i.e., flavonoids, phenolics, and anthocyanin, were found to be increased by the application of Si and NO under As toxicity. Similar findings were observed by Pirooz et al. [71] in terms of Si and NO-mediated increase in phenolics and flavonoids in Salvia officinalis under Cu stress. The stimulation of phenylpropanoid pathway could be the reason for the Si-mediated increase in the metabolites concentration under As stress as described by Dar et al. [72] in Fagopyrum esculentum under Al stress. Flavonoid concentration was increased by the application of Si NPs to coriander plants under Pb stress to improve the plant’s tolerance against metal stress [73]. Silicon-mediated mitigation of metal stress in plants is due to the metal chelation by phenolic and flavonoid compounds [74,75]. Induction of phenolic concentration after Si application has been reported in Zea mays under Al stress by stimulating the metabolism of phenolic compounds [76].

In the present study, the levels of oxidative stress markers, i.e., MDA and H2O2, were found to be elevated in the case of As stress while application of Si and NO alone as well as in combination reduced the level of MDA and H2O2. Similarly, exogenous application of Si reduced the level of MDA and H2O2 in B. juncea [77] and also by the application of NO in Isatis cappadocica plants [19] under As stress. This Si and NO-mediated decline in the level of oxidative stress markers is due to ROS scavenging and reduced As accumulation [5]. Silicon is considered to maintain membrane integrity and permeability by lowering the end product of lipid peroxidation, i.e., MDA concentration [78].

Another study also revealed that application of Si reduced the Zn stress-induced lipid peroxidation in rice plants, indicating the role of Si in preventing structural and functional deterioration of cell membrane [79]. Electrolyte leakage, concentrations of methylglyoxal, MDA, and H2O2 were markedly lowered by the supplementation of Si in roots and leaves of mustard plants which might be attributed to the declined level of Ni and improved functioning of antioxidative enzymes, i.e., SOD, CAT, and APX [80]. Nitric oxide also plays an important role in lowering lipid peroxidation in plants as it shows a protective effect in decreasing As accumulation and also functions as a ROS scavenger to diminish oxidative stress [16]. Concentrations of H2O2 and MDA were elevated by As treatment in lettuce leaves; however, application of NO significantly attenuated oxidative stress by decreasing the concentration of these oxidative stress markers through suppression of As absorption and translocation [81].

Oxidative stress is caused by metals in plants through the overaccumulation of ROS [82,83]. Overaccumulation of ROS in plants causes damage to various biomolecules such as proteins, lipids, and nucleic acids [84]. Therefore, cellular ROS balance must be maintained by regulating their production and scavenging, which is maintained by the plant antioxidant defense system, i.e., antioxidative enzymes such as SOD, CAT, glutathione peroxidase (GPOX), POD, APX, GR, etc., and non-enzymatic antioxidants, i.e., ascorbate and glutathione [85,86]. CAT and APX are the two essential enzymes that play an important role in H2O2 detoxification. Moreover, the balance between the SOD and H2O2-scavenging enzymes is recognized as crucial in determining the accumulation of O2 and H2O2 [87]. The As-mediated decline in the CAT activity could be due to excessive formation of ROS, or alterations in the balance between enzymes, i.e., in APX and POD [88]. Our results showed that the application of Si and NO alone and in combination in As-treated radish plants increased the activities of all antioxidative enzymes. Silicon is known to reduce oxidative stress by reducing the production of ROS in plants by stimulating the enzymatic and non-enzymatic antioxidants. Stress caused by metals such as Pb, Mn, Zn, and Cu was alleviated by adding Si by triggering the activity of enzymatic antioxidants [89]. The addition of Si improved the flax genotypes’ tolerance to copper stress by stimulating the functioning of SOD, POD, APX, and CAT enzymes to scavenge overaccumulation of ROS in plant tissues [90]. Silicon-mediated mechanisms for metal detoxification involve immobilization of metals (at soil level), diminishing ROS levels by improving the antioxidant system, compartmentation of metals in plant tissues, chelation, regulation of gene expression, and structural modifications in various portions of plants (at plant level) [89]. Similar mechanisms could be involved in Si-mediated increase in the activities of various antioxidative enzymes in radish plants under As stress.

Exogenous as well as endogenous levels of NO play an imperative role in the mitigation of metal stress in plants [91]. The beneficial effects of NO on various antioxidative enzymes on various plant species under As stress and other metals have been well documented [92–94]. For example, As stress was significantly alleviated by the supplementation of NO in rice and mung beans by lowering the ROS level and MDA concentration [16,95]. Cadmium-mediated oxidative stress and lipid peroxidation were lowered by the exogenous application of SNP by performing ROS scavenging mechanisms and by stimulating the functioning of antioxidative enzymes [96]. The activity of antioxidative enzymes, i.e., SOD, APX, GR, and DHAR, were increased by the application of NO to inhibit the silver nanoparticles (Ag NPs) induced oxidative damage [97]. The antioxidant potential of Oryza sativa plants was increased by SNP application through elevation in the activity of peroxidase (POD) and CAT under Ni stress [98].

Heavy metal-mediated oxidative stress in plants can be reduced not only by antioxidative enzymes but also by non-enzymatic antioxidants. Non-toxic complexes are produced by glutathione to protect plant tissues from metal-mediated phytotoxicity [99]. Moreover, regulation of redox balance and mitigation of abiotic stresses is carried out by the presence of glutathione in plant organelles via functioning as a buffer [100]. The results of the current study showed that the levels of glutathione and ascorbic acid, were found to be enhanced by the individual as well as combined application of Si and NO against As toxicity. Similarly, application of NO increased the concentration of non-enzymatic antioxidants under Cd and Cu stress in Typha angustifolia [101] and in periwinkle roots, respectively [102]. Glutathione alleviates As toxicity in plants by regulating the As binding phytochelatins (PCs) [17]. Silicon in combination with As also showed enhanced accumulation of non-enzymatic antioxidants as presented by Geng et al. [103] in rice, Sil et al. [104] in wheat, Tripathi et al. [105] in rice, and González-Moscoso et al. [106] in tomato.

5  Conclusion

In the present study, As stress caused the reduction in plant growth and biomass by causing oxidative stress in plants. However, individual as well as combined application of Si and NO proved to be significant in alleviating As stress in radish plants by regulating plant growth and the plant antioxidant defense system via the ROS scavenging mechanism (Fig. 8). Therefore, foliar spraying with Si or pretreatment with NO, particularly in combination, can be suggested as an inexpensive, eco-friendly, and efficient technique to mitigate As-mediated toxicity in radish on a commercial scale. Further studies should be focused on Si- and NO-mediated mechanisms at molecular level in order to understand the expression of various defense-related genes under As stress.
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Figure 8: Silicon and nitric oxide-mediated mechanism of As stress tolerance in radish plants
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