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Abstract

:

Humans are facing very serious health threats from food contamination with cadmium (Cd), and Cd uptake by wheat is amongst the main causes of Cd entrance into the food chain. The current study examined the effect of foliar application (0, 1.50, 3.00 and 4.00 mM) of various silicate chemicals (calcium silicate and potassium silicate) on wheat growth and Cd addition by wheat under Cd stress 20 mg kg−1 of soil using CdCl2. The results revealed that under control conditions, the application of Si improved all the growth, physiological, biochemical and quality attributes by reducing malondialdehyde contents and electrolyte leakage. Under Cd stress, the supplementation of Si conferred a better growth rate, gaseous exchange for metabolic activity and maintained the tissues’ turgor and membranes’ stabilities compared to those obtained under control (without Si). The enzymatic activities (superoxide dismutase, peroxidase and catalase) also show rapid action by the application of Si supplement, which were associated with elevated osmoprotectant contents and antioxidants, having role in antioxidant defense against Cd stress. These results suggested that a 4.50 mM concentration of Si supplement (potassium silicate) works effectively against Cd stress. The given results showed that Si supplement is beneficial for the enhancement of many metabolic activities that takes places in plants during the growth period that proved a feasible approach in controlling the Cd concentration within wheat plants and, ultimately, in humans.
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1. Introduction


In all components of the environment, rapid industrialization and lack of industrial discharge management increases the metal pollution [1]. Metal contamination is difficult to eliminate because of its non-degradable nature, which allows this contamination to remain for a greater time period in soil than other biosphere components [2]. Metals, including lead (Pb), arsenic (As), cadmium (Cd) and mercury (Hg), accumulate in the atmosphere, posing a risk to living organisms such as crops and humans [3,4]. Cd contamination has become a major problem around the world in recent decades, as levels in some food crops have exceeded the acceptable limit [5]. Globally, the average Cd concentration in contaminated soil is 20–800 mg kg−1, while for ordinary soils, approximately 0.06 mg kg−1. That is why it can enter into our food chain and can pose health-related adverse effects [6]. Cadmium reaches soil from a variety of anthropogenic sources, including phosphate fertilizer application, abandoned mines, sewage sludge and pollution from anthropogenic activities, i.e., power plants, metal factories, cement industries and urban traffic [7,8,9]. Soil contamination from Cd is a foremost environmental issue and is of greater concern [10]. Cadmium toxicity results in harmful effects in plants such as growth inhibition, deficiency of photosynthetic pigments, leaf chlorosis, carbohydrate alteration, oxidative stress, imbalanced homeostasis, reduction in essential minerals uptake and lower crops yields [11,12,13].



Wheat is a major food crop all over the world. Global wheat production in 2020 was 764.39 million tons, with a production prediction of 766 million tons in 2021, making it the second most productive cereal crop after maize [14,15]. The existence of 5–10 mg kg−1 of Cd in farming soil typically affects the production of wheat crop [10,16]. The presence of Cd metal in wheat shows severe side effects of growth inhibition, leaf chlorosis, root spotting, oxidative stress and a decline in leaf number and leaf area that results in an overall reduction in crop production [17,18,19,20].



Different strategies are being employed for attaining optimum growth and productivity of wheat under Cd stress [21]. Among different environmentally friendly approaches for the reclamation of Cd contaminated soils, the use of silicon (Si) is of greater importance [12,22,23]. Previous studies have shown that the application of exogenous Si have reduced the metal toxicity mainly due to reduced intake and transportation of Cd in cotton [24], Chinese cabbage [25], wheat [18], peanut [25] and rice [26]. It was documented that in wheat, Si decreases the toxicity and accumulation of Cd, a typical Si-accumulating species. The use of calcium silicate considerably decreased the concentration of Cd in rice grain and straw [8].



There is a knowledge gap concerning the use of multiple Si salts at various concentrations. To our knowledge, no studies have been conducted to compare the efficacy of Si compounds (potassium silicate and calcium silicate) and to find the optimal concentration of Si for wheat under Cd stress. In our current study, it was hypothesized that the exogenous application of Si salts could be a useful strategy to enhance plant growth and to reduce the Cd uptake by wheat plants under Cd stress. Hence, the aim of the current study was to estimate the defensive mechanism of various Si salts and their optimal levels for growth; physiological, biochemical and tissue health; osmoprotectants; non-enzymatic and enzymatic antioxidative activities; and metal accumulation in wheat plants grown under Cd stress.




2. Materials and Methods


2.1. Study Site, Experimental Design and Treatments


A pot experiment was run to evaluate the comparative effectiveness of silicon compounds for the alleviation of Cd toxicity in wheat at the Department of Environmental Sciences, University of Lahore, Pakistan, and a complete randomized design (CRD) under factorial arrangement was applied with triplicates. Experimental treatments contained three factors: cadmium stress (control and cadmium stress (20 mg kg−1 of soil)), silicon compounds (potassium silicate and calcium silicate) and the last factor comprised of different levels of silicon compounds (0, 1.5, 3.0 and 4.50 mM).




2.2. Crop Management


The experiment was carried out on 15 November 2019. Seeds of wheat cultivar (Lassani-2008) were used as test cultivar. Total 7 kg of soil was placed in each pot, five seedlings of equivalent size were kept up per pot after washing with distilled water. At the early stage, metal was not included, and metal stress application began after 14-day development period. After this period, the seedlings had four to five leaves. After that, metal stress (CdCl2) 20 mg kg−1 was applied, using solution form, metal stress application was based on previous studies [27,28,29]. Just before the application of Cd solution, as well as after 2 days, manual hoeing was performed for homogenization of Cd contamination. The plants which were kept free of metal stress (control plants) were only supplied with Si and normal nutrient solution. Just after the thinning, the first foliar application of Si salts was performed on the fourth, sixth and eighth weeks of sowing, and spraying was performed on the second, third and fourth weeks. Simultaneously, on controlled plants, deionized water was applied to control plants. During two foliar sprays, a total of one litter of volume was used for each treatment. Fertilizers such as NPK as 120, 50 and 25 kg ha−1 was used to fertilize the pots. After 90 days of sowing, the crop was harvested on 15 February 2020.




2.3. Growth Attributes


Seventy-day-old plants were harvested and were washed away with distilled water to remove soil particles. Fresh seedling biomass was measured using electric digital scales immediately after uprooting. Seedlings were dried out in the oven at a temperature of 65 °C and dry weight was measured. Leaf area was determined with the help of digital leaf area meter and leaves of three selected plant from all replications were detached.




2.4. Non-Enzymatic Antioxidant and Physiobiochemical Attributes


Fully expanded upper most leaves were selected after 55 days after sowing (DAS) for measurement of photosynthesis with IRGA (Analytical Development Company, Hoddesdon, England) between 9:00 to 11:00 a.m., while water use efficiency was recorded by applying formula (photosynthetic rate/transpiration rate). For estimation of chlorophyll contents, 0.5 cm segments of fresh leaves were extracted at −10 °C overnight with 80% acetone. At 14,000 rpm for 5 min, the extract was centrifuged, and supernatant absorbance was taken at 645 and 663 nm using spectrophotometer. The observations were taken by following the protocols of Nagata and Yamashita [30].



Leaf of constant size from each treatment was used to find relative water contents (RWC) as described by using following equation:


RWC % = (fresh weight − oven dried weight/fully turgid weight − oven dried weight) × 100



(1)







MSI (Membrane stability index) was measured by following the protocols by Lutts et al. [31] with some modifications, and electrolyte leakage (EL) was calculated with the help of formula intended by [31]:


EL % = (EC1/EC2) × 100



(2)




where EC1 = EC of solution containing leaves in test tubes and EC2 = EC of solution in test tubes after autoclaving for 20 min at 121 °C.



In the wheat seedlings, the colorimetric technique was applied for the assessment of proline contents [32]. For the estimation of malondialdehyde (MDA) contents, fresh leaf sample (0.5 g) [33] in thiobarbituric acid (TBA) reaction technique was used by applying a formula (e.g., MDA content = 6.45 × (A532–A600) − 0.56 × A450), where 532, 600 and 450 are the absorbance levels in nm. Spectrophotometer technique was used to estimate the total soluble sugar contents using standard methods [34] and ascorbic acid contents were estimated using given method [35]. A5mL of 80% H2SO4 (v/v) was added after cooling, and to find the ascorbic acid (AsA) contents, absorbances were read at 530 nm. For the estimation of glutathione (GSH), the method in [36] using absorbance levels at 412 nm was used.




2.5. Antioxidant Enzymes Activities


Fresh leaves sample (0.25 g) was homogenized in 5 mL potassium phosphate buffer (pH 7.8) and was homogenized to gain extract after centrifugation at 12,000× g at 4 °C for 15 min. The extracted material was stored at −20 °C. Nitroblue tetrazolium (NBT) photo reduction inhibition was used for estimation of superoxide dismutase (SOD) activity using a spectrophotometer.



A 3-mL reaction mixture containing sample extract (0.1 mL), H2O2 (1 mL) and potassium phosphate buffer (1.9 mL) was prepared to estimate catalase activity followed by given protocol using spectrophotometer [37].



Chance and Maehly’s [38] approach was adopted to find peroxidase activity. For mixture preparation, sample extract (0.05 mL), H2O2 (0.1 mL), 1 mL reaction mixture, phosphate buffer (0.75 mL) and guaiacol (0.1 mL) were mixed. Final readings were taken at 470 nm through spectrophotometer.




2.6. Cadmium and Silicon Contents and Statistics Analysis


For estimation of Cd level in root and shoot, a blend of di-acid with a proportion (HNO3:HClO4 vs. 2:1) was used. To survey the substance of Cd2+, an atomic absorption spectrophotometer (Perkin-Elmer, Model 3300) was used. Concentration of Si was evaluated by ammonium molybdate spectrophotometric technique [38]. All the chemicals used for analysis were of analytical grades and instruments were properly calibrated before use.



Collected data was evaluated by applying Fisher’s ANOVA and means of all treatments were compared using Statistix 8.1 and treatments means were separated by highest significant differences (HSD) test.





3. Results


3.1. Growth Attributes


According to the findings of the current study, against cadmium stress various levels of Si were used. Due to Cd stress, the dry and fresh biomass of wheat plants, as well as leaf area were significantly reduced (Table 1). Cadmium stress significantly reduced the seedling fresh weight (55.33%), the seedling dry weight (54.11%) and the leaf area (46.80%) compared to those pots where no metal stress and only distilled water was applied (non-stressed control). In comparison to the stressed control pots that did not receive Si supplementation, 4.50 mM Si as the most promising level enhanced the seedling fresh weight (35.34%), the seedling dry weight (25.00%) and the leaf area (39.09%). However, both silicate compounds showed statistically non-significant results for these growth attributes.




3.2. Non-Enzymatic Antioxidant and Physio-Biochemical Attributes


Impairment occurred on the physio-biochemical attributes (e.g., photosynthetic rate (A), stomata conductance (gs), transpiration rate (E), chlorophyll contents and water use efficiency (WUE)) as affected by Cd stress was depicted in Figure 1. The difference between the values of all the physio-biochemical attributes of wheat plants supplemented with Si showed statistically significant results. As the range of the photosynthetic rate (5.54–13.33), the rate of transpiration (3.01–6.73), the stomatal conductance (0.18–0.51), the chlorophyll contents (2.59–4.47) and the water use efficiency (1.84–2.07), and the minimum value was observed in Cd stressed-plants. In comparison with the non-stressed control, Cd stress reduced the photosynthetic rate (37.29%), the rate of transpiration (37.28%), the stomatal conductance (38.09%) and the chlorophyll contents (14.13%). The tolerance to Cd stress was improved by the Si supplementation. The highest influences in all the physio-biochemical attributes were noticed in 4.50 mM Si supplementation under Cd stress. At 4.50 mM Si, as the most promising level, increases in the photosynthetic rate (45.77%), rate of transpiration (38.60%), stomatal conductance (42.85%), chlorophyll contents (45.77%) and water use efficiency (7.77%) were observed compared to the relevant control plants.



The findings regarding the tissue health (RWC, MSI, EL and MDA contents) are shown in Figure 2 and Figure 3. The relative water contents were decreased by Cd stress. Compared to those pots where no metal stress and only distilled water was applied (non-stressed control), RWC was decreased (24.90%) by Cd stress. However, as compared with the non-stressed control exogeneous application of Si, the RWC increased. In addition, the highest increase in RWC (47.71%) was recorded in the 4.50 mM Si treatment (most promising level) under Cd stress. A considerable regression in the MSI of wheat seedlings was noticed under Cd stress. The maximum range was observed in stressed control plants. Despite this, when compared to the control (non-stressed), the MSI was improved with the exogeneous application of Si. The maximum increase in the MSI (39.18%) was noticed at the 4.50 mM application of Si compared to the control (stressed). The MDA contents and EL were statistically improved under Cd stress to non-stressed control. Increases in EL (129.12%) and MDA (41.25%) occurred under Cd stress. Moreover, the exogeneous supplementation of Si decreased the EL (62.41%) and MDA (22.72%) at 4.50 mM Si treatment under Cd stress.



The GSH contents, AsA, total soluble sugars and proline in wheat plants were significantly affected by Cd stress, as shown in Figure 2. In contrast to the non-stressed control, all Si treatments resulted in greater increases in all non-enzymatic antioxidants. The maximum mean values of all non-enzymatic antioxidants were obtained when the exogeneous application of 4.50 mM Si was conducted. By the application of 4.50 mM Si, the total soluble sugars, proline, AsA and GSH contents increased by 40.76%, 53.55%, 23.17% and 59.25%, respectively, under Cd stress. The decreasing order for silicate compounds was potassium silicate > calcium silicate.




3.3. Enzymatic Antioxidant Attributes


In comparison with the control (non-stressed), enzymatic activities [e.g., SOD, peroxidase (POD) and catalase (CAT)] in stressed plants were stimulated under the Cd stress (Table 2). The highest enzyme activities under Cd stress were increased as SOD by 77.18%, CAT by 76.95% and POD by 108.33% as compared to those pots where no metal stress and only distilled water was applied. In addition, the exogeneous application of 4.50 mM Si improved the SOD, POD and CAT activities by 23.91%, 32.01% and 69.76%, respectively, under Cd stress. Potassium silicate proved to have a better response as compared to the calcium silicate.




3.4. Cadmium and Silicon Contents in Plant Parts


An analysis of variance showed that heavy metal stress and silicate chemicals significantly affected the Cd and Si concentration in the roots and leaves of wheat plants (Table 3). When compared to non-stressed controls, cadmium concentrations were highest in the roots and leaves in stressed plants, with a maximum concentration in the roots portion than in the leaves. In comparison to Cd stress, Si supplementation greatly decreased the accumulation of Cd in both leaves and roots. In comparison with control plants, the Si supplementation at the rate of 4.50 mM was the most promising level that minimized the Cd concentration significantly in both leaves and roots under Cd stress.





4. Discussion


4.1. Plants Growth and Biomass


There are variety of stressors that limit the growth and overall productivity of field crops in any agricultural system. Due to the beneficial effects of silicon (Si) on mineral nutrition, it plays an imperative role in growth and thus plants’ resilience against metal stress [39,40]. Silicon can stimulate plant resistance against metal stress by stimulating a lot of potential mechanisms [41,42]. The findings of the current investigation revealed that Cd stress significantly affected the fresh and dry biomass and leaf area of wheat plants. The reduction in plant biomass in a similar way due to Cd stress was demonstrated in many studies such as in oilseed crops such as nut, cotton, Indian mustard, rapeseed [24], cotton [43] and rice [44]. By the application of Si, growth attributes were increased. These growth enhancements were more promising when the exogeneous Si application was performed at the rate of 4.50 mM Si than other Si treatments. Under Cd stress, Si may have improved the photosynthesis rate, which is linked to leaf ultrastructure, chlorophyll contents and ribulose biphosphate carboxylase activity [45,46,47]. In the current investigation, the decrease in Cd concentrations by increasing the Si concentration in wheat tissues might be the reasons behind the improvement of wheat biomass and leaf area (Table 3). This lead to the enhancement of photosynthesis and improved defensive mechanism of wheat plants (Figure 1) as well as improved the vigor and growth of wheat plants (Table 1).




4.2. Physiological and Biochemical Parameters


Cadmium stress lowers the plant’s physiological and biochemical activities because of the nutritional imbalance, osmotic stress and metal toxicity [48,49,50,51]. Our results have depicted that the application of Si alleviated the Cd stress (Figure 1). In wheat, the application of Si maximized water uptake and improved stomatal conductance [4,52]. In this study, under Cd stress, the application of Si improved photosynthesis, which resulted in enhanced WUE (Figure 3). Ming et al. [53] have documented that the mitigation of damages by Cd stress was improved by the Si in photosynthesis. Furthermore, with the addition of Si, the defense of antioxidant enzymes, which are involved in photosynthesis, have improved, reducing the oxidative damage to these enzymes. Improvement in chlorophyll concentration in wheat might be due to the active involvement of Si in enhancing the light use efficiency of the field crops [46].




4.3. Relative Water Contents and Electrolyte Leakage


To evaluate the water balance in the plant leaves assessment of RWC is the common tool. A good status of RWC in cells and tissues confers the better metabolic activity [54]. Present investigation revealed that Cd stress significantly suppressed the RWC of wheat plants (Figure 3). However, the supplementation of Si could alleviate Cd stress by depicting the maximum value of WUE. Under Cd stress, the exogeneous supplementation of Si to plants lowered the EL in plant tissues. These findings showed that in stressed plants, foliar-applied Si might support the membrane stability as compared to control (non-stressed) [55]. Kim et al. [7] documented that any abiotic stress causes maximum electrolyte leakage that might be caused by lower increase in linolenic acid and decrease in linoleic acid. However, Si treated plants showed less harm to membranes that limits the leakage as compared with stressed control. In our study, electrolyte leakage enhanced under Cd stress. Additionally, this effect was diminished with Si application. In addition, the maximum alleviation of Cd stress was observed at the 4.50 mM Si level. Reactive oxygen species (ROS) overproduction is an another significant process because of metal contamination in higher plants, e.g., higher lipid peroxidation contents [56]. These results are supported by various reports such as in grapevine rootstock and maize. Mahmood and Malik [57] have reported that the application of Si lowers the malondialdehyde (MDA) content (Figure 2). Therefore, the application of Si may help to lower the permeability and integrity of cell membranes maintenance [56].




4.4. Enzymatic and Non-Enzymatic Antioxidants


The accumulation and synthesis of various compatible solutes and osmolytes are considered as a vital protective mechanism for those plants which are grown under metal stress condition [51]. Osmoprotectants as proline and accumulation of sugar while AsA and GSH under metal stress defend plant cells by vacuolar adjustment and balancing the cytosol [58]. In the present investigation, application of Si enhanced sugars accumulation, proline, AsA and GSH. However, for the Cd stress, these increased accumulations peaked at 4.50 mM Si (Figure 2). Rizwan et al. [59] have documented that exogenous application of Si may increase tolerance to various abiotic stress through adjusting osmotic potential and enhancing the osmolyte contents in crop plants. In our research, we discovered that the application of Si increased total soluble sugars, AsA and GSH concentrations (Figure 2). Li et al. [60] reported that the exogenous application of GSH alleviated the Cd toxicity in wheat plants. Khan et al. [61] and Anjum et al. [62] revealed that sulfur and selenium improved GSH contents in wheat that further reduced the Cd toxicity in wheat plants, which might be phytochelatin associated with GSH. For enhancing the plant tolerance to oxidative stress, the application of Si may be a useful approach that improves the plant’s antioxidant defense and osmolytes [7,63].



In addition to other mechanisms, to cope with abiotic stresses, plants have a well-developed self-defensive mechanisms including the enzymatic antioxidants [42]. The foliar-applied Si enhanced the SOD, CAT and POD activities compared to those pots where no metal stress and only distilled water was applied (non-stressed control) (Table 2). The lower level of antioxidant enzyme activities in control might be due to the increased stress in wheat plants. In the presence of Cd and Si, the increased production of antioxidant enzymes may be due to the increased tolerance of wheat plants. The maximum production of enzymatic antioxidants by the foliar-applied Si has been observed in pea seedlings under Cr stress [54], maize under As stress [39] and in seedlings of rice under the stress of Cd [8].




4.5. Cadmium and Si Accumulation


Silicon treatments caused a reduction in the Cd concentration in the various portions of wheat plants under Cd stress. These findings demonstrate that Si restricts the uptake of Cd ions by roots and confines their movement into the leaves of wheat. Likewise, similar outcomes are reported on the alfalfa crop [55]. The enhancement of plant tolerance to Cd might be ascribed to decrease the transport of Cd and additionally because of plant tolerance improvement [8]. In the findings of current study, foliar-applied Si at the rate of 4.50 mM significantly reduced the Cd accumulation in seedlings of wheat in comparison with the respective control plants. However, with Si implementation, the roots showed higher accumulation of Cd contents than the leaves. Silicon reduced Cd uptake or movements from roots to leaves by enhancing plant tolerance against Cd stress [59]. Additionally, a study depicted that Si application decreased the Cd accumulation in different parts of garlic plant; however, the Cd accumulation was higher in roots as compared to the shoot and bulb [8]. When compared to an unstressed control, the Si content in roots and leaves was reduced under Cd stress conditions. The roots had a greater reduction in Si content than the leaves [25]. Increased Si contents in plants reduced the uptake of Cd, and further research is needed to learn more about how Si affects Cd uptake and translocation in plants.





5. Conclusions


Our findings revealed that Si potassium silicate enhanced growth parameters and effectively alleviated the effects of Cd stress. Under Cd stress, the supplementation of potassium silicate showed the activation of endogenous defense systems in plants compared with calcium silicate. Plants treated with Si supplementation showed more tolerance to Cd stress through the improvement in non-enzymatic and enzymatic antioxidant activities accompanied with a decrease in MDA activity. The Si supplement provided higher growth, physiological attributes, tissue water and MSI under Cd stress conditions and had limited electrolyte leakage compared to those without Si. Thus, 4.50 mM potassium silicate was usually successful in alleviating the conditions of Cd stress.
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Figure 1. Effect of various treatments of silicon on wheat photosynthetic attributes under cadmium stress; the values reported are means of triplicates. Bars show the standard error (SE) between replicates. (a) Photosynthetic Rate (µmol CO2 m−2 s−1); (b) Transpiration Rate (mmol H2O m−2 s−1); (c) Stomatal Conductance (mmol H2O m−2 s−1); (d) Chlorophyll contents (mg L−1). 
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Figure 2. Effect of various treatments of silicon on wheat osmoprotectants and antioxidants under cadmium stress; the values reported are means of triplicates. Bars show the standard error (SE) between replicates. (a) Ascorbic acid (μmol g−1 dry weight); (b) Total soluble sugars (mg g−1 dry weight); (c) Free proline (μg g−1 dry weight); (d) Glutathione (μmo g−1 dry weight); (e) Electrolyte Leakage (%); (f) MDA (nmol g−1 fresh weight). 
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Figure 3. Effect of various treatments of silicon on wheat relative water contents (%), membrane stability index (%) and water use efficiency under cadmium stress; the values reported are means of triplicates. Bars show the standard error (SE) between replicates. Different Lettering indicates the significant difference between treatments. (a) Relative water contents (%); (b) Membrane Stability Index (%); (c) Water use efficiency. 
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Table 1. Effect of various treatments of silicon on wheat growth under cadmium stress.
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Experimental Treatments

	
Seedling Fresh Weight (g)

	
Seedling Dry Weight (g)

	
Leaf Area (cm2)






	
Heavy Metals Stress (S)




	
S1 = Control

	
4.03 A

	
0.85 A

	
25.51 A




	
S2 = Cadmium Stress (20 mg kg−1 of Soil)

	
1.80 B

	
0.39 B

	
13.57 B




	
HSD (S) (p ≤ 0.01)

	
1.14

	
0.27

	
2.15




	
Silicate Chemicals (C)




	
C1 = Potassium Silicate

	
3.30

	
0.65

	
20.07




	
C2 = Calcium Silicate

	
2.53

	
0.60

	
19.02




	
HSD (C) (p ≤ 0.01)

	
1.14

	
0.27

	
2.15




	
Foliar Application Treatments (T)




	
T1 = Control

	
2.49 D

	
0.56 D

	
16.42 C




	
T2 = 1.50 mM foliar application

	
2.79 C

	
0.59 C

	
18.05 BC




	
T3 = 3.00 mM foliar application

	
3.03 B

	
0.65 B

	
20.86 AB




	
T4 = 4.50 mM foliar application

	
3.37 A

	
0.70 A

	
22.84 A




	
HSD (T) (p ≤ 0.01)

	
0.20

	
0.03

	
4.06




	
Significance Level (S)

	
15.20 **

	
11.83 **

	
126.86 **




	
Significance Level (C)

	
1.86 NS

	
0.13 NS

	
0.97 NS




	
Significance Level (T)

	
0.43 **

	
0.23 **

	
7.30 **




	
Significance Level (S × C)

	
0.02 NS

	
0.00 NS

	
0.20 NS




	
Significance Level (S × T)

	
0.06 NS

	
0.00 NS

	
0.01 NS




	
Significance Level (C × T)

	
0.00 NS

	
0.00 NS

	
0.02 NS




	
Significance Level (S × C × T)

	
0.00 NS

	
0.00 NS

	
0.00 NS








Means sharing different letters (A–D) indicate significant difference. According to HSD test means are different at p ≤ 0.01; n = 3; NS = non-significant. ** = Highly significant. 
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Table 2. Effect of various treatments of silicon on wheat’s enzymatic antioxidant activities under cadmium stress.
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Experimental Treatments

	
SOD (U µg−1 Protein)

	
POD (µg g−1 Fresh Weight min−1)

	
CAT (U mg−1 min−1)






	
Heavy Metals Stress (S)




	
S1 = Control

	
40.50 B

	
79.60 B

	
0.36 B




	
S2 = Cadmium Stress (20 mg kg−1 of Soil)

	
71.76 A

	
140.86 A

	
0.75 A




	
HSD (S) (p ≤ 0.01)

	
2.37

	
1.91

	
0.07




	
Silicate Chemicals (C)




	
C1 = Potassium Silicate

	
56.57

	
110.70

	
0.59




	
C2 = Calcium Silicate

	
55.68

	
109.76

	
0.52




	
HSD (C) (p ≤ 0.01)

	
2.37

	
1.91

	
0.07




	
Foliar Application Treatments (T)




	
T1 = Control

	
50.60 B

	
98.40 C

	
0.43 C




	
T2 = 1.50 mM foliar application

	
52.57 B

	
100.82 C

	
0.49 BC




	
T3 = 3.00 mM foliar application

	
58.65 A

	
111.80 B

	
0.61 AB




	
T4 = 4.50 mM foliar application

	
62.70 A

	
129.90 A

	
0.73 A




	
HSD (T) (p ≤ 0.01)

	
4.47

	
3.61

	
0.14




	
Significance Level (S)

	
716.85 **

	
4213.51 **

	
102.91 **




	
Significance Level (C)

	
0.58 NS

	
0.99 NS

	
3.69 NS




	
Significance Level (T)

	
22.67 **

	
231.19 **

	
14.16 **




	
Significance Level (S × C)

	
0.00 NS

	
0.01 NS

	
0.00 NS




	
Significance Level (S × T)

	
7.30 **

	
117.14 **

	
0.07 NS




	
Significance Level (C × T)

	
0.01 NS

	
0.00 NS

	
0.00 NS




	
Significance Level (S × C × T)

	
0.01 NS

	
0.00 NS

	
0.00 NS








According to HSD test means are different at p ≤ 0.01; n = 3. NS = non-significant. ** = Highly significant.
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Table 3. Effect of various treatments of silicon on cadmium and silicon contents in wheat plants grown under cadmium stress.
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Experimental Treatments

	
Cd Content in Root (mg kg−1 Dry Weight)

	
Cd Content in Leaf (mg kg−1 Dry Weight)

	
Si Content in Root

(mg g−1 Dry Weight)

	
Si Content in Leaf

(mg g−1 Dry Weight)






	
Heavy Metals Stress (S)




	
S1 = Control

	
0.98 B

	
0.56 B

	
0.44 A

	
2.25 A




	
S2 = Cadmium Stress (20 mg kg−1 of Soil)

	
62.56 A

	
34.23 A

	
0.12 B

	
0.96 B




	
HSD (S) (p ≤ 0.01)

	
2.34

	
3.12

	
0.19

	
1.23




	
Silicate Chemicals (C)




	
C1 = Potassium Silicate

	
43.76

	
27.45

	
0.39

	
2.23




	
C2 = Calcium Silicate

	
44.56

	
29.34

	
0.37

	
2.12




	
HSD (C) (p ≤ 0.01)

	
2.34

	
3.12

	
0.19

	
1.23




	
Foliar Application Treatments (T)




	
T1 = Control

	
67.72 A

	
43.26 A

	
0.15 D

	
0.48 D




	
T2 = 1.50 mM foliar application

	
55.34 B

	
30.23 B

	
0.28 C

	
1.97 C




	
T3 = 3.00 mM foliar application

	
29.89 C

	
14.56 C

	
0.39 B

	
3.23 B




	
T4 = 4.50 mM foliar application

	
14.23 D

	
5.50 D

	
0.54 A

	
5.12 A




	
HSD (T) (p ≤ 0.01)

	
4.34

	
4.67

	
0.07

	
1.12




	
Significance Level (S)

	
99.91 **

	
87.91 **

	
102.91 **

	
67.91 **




	
Significance Level (C)

	
2.69 NS

	
3.59 NS

	
3.69 NS

	
3.29 NS




	
Significance Level (T)

	
11.16 **

	
4.16 **

	
14.16 **

	
1.16 **




	
Significance Level (S × C)

	
0.03 NS

	
0.02 NS

	
0.00 NS

	
0.03 NS




	
Significance Level (S × T)

	
0.05 NS

	
0.07 NS

	
0.07 NS

	
0.07 NS




	
Significance Level (C × T)

	
0.00 NS

	
0.01 NS

	
0.00 NS

	
0.02 NS




	
Significance Level (S × C × T)

	
0.00 NS

	
0.01 NS

	
0.00 NS

	
0.05 NS








According to HSD test means are different at p ≤ 0.01; n = 3. NS = non-significant. ** = Highly significant.
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