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Abstract: Aluminum (Al) toxicity is a considerable factor limiting crop yield and biomass in acidic soil. Tartary buckwheat growing in acidic soil may suffer from Al poisoning. Here, we investigated the influence of Al stress on the growth of tartary buckwheat seedling roots, and the alleviation of Al stress by silicon (Si), as has been demonstrated in many crops. Under Al stress, root growth (total root length, primary root length, root tips, root surface area, and root volume) was significantly inhibited, and Al and malondialdehyde (MDA) accumulated in the root tips. At the same time, catalase (CAT) and ascorbate peroxidase activities, polyphenols, flavonoids, and 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2′-azinobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS) free-radical scavenging ability were significantly decreased. After the application of Si, root growth, Al accumulation, and oxidative damage were improved. Compared to Al-treated seedlings, the contents of ·O2− and MDA decreased by 29.39% and 25.22%, respectively. This was associated with Si-induced increases in peroxidase and CAT enzyme activity, flavonoid compounds, and free-radical scavenging (DPPH and ABTS). The application of Si therefore has positive effects on Al toxicity in tartary buckwheat roots by reducing Al accumulation in the roots and maintaining oxidation homeostasis.
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1  Introduction

Aluminum (Al) accounts for about 7% of the Earth’s crust [1]. When the soil pH is below 4.5, Al ions (Al3+) appear and are toxic to plants [2]. Acid soils occupy 30% of the global land area and 40% of the world’s arable soils, making Al toxicity an obstacle to crop growth and productivity [3]. Under acidic conditions, Al3+ is absorbed by the plants and disrupts a variety of metabolic processes, including destruction of the root cell wall structure, induction of oxidative stress, disruption of the plasma membrane and signal-transduction pathways, and inhibition of polar auxin transport [4]. Inhibition of root elongation is the primary symptom of Al toxicity [5], resulting in restricted absorption of nutrients and water [6]. The photosynthetic system is also damaged via Al absorption and transfer to the aboveground plant parts [7,8]. Ultimately, Al toxicity results in reduced crop biomass and grain yield, and economic losses [9].

Silicon (Si) has been recognized as a beneficial mineral nutrient and the amount absorbed by plants is similar to that of macronutrients [10,11]. Si is usually present in the soil in the form of silicon dioxide, which plants cannot absorb [12]. Only silicic acid or silicate can be absorbed by plant root cells and then transferred to the aboveground parts through the xylem [13]. All plant tissues can accumulate Si [14], improving plants’ nutrient uptake, photosynthetic capacity, and antioxidant potential, as well as biotic and abiotic stress resistance [15,16]. Si deposition on the root cell wall affects the entry of metal ions, including Al3+ [17], by reducing Al-binding sites on the cell wall polysaccharides [18,19]. The deposited Si also forms a complex with Al, and Si–Al compounds in the shoot have been found to aid in the internal detoxification of the plant [20]. Furthermore, Si can reduce the production of reactive oxygen species (ROS) caused by metal stress through improved antioxidant capacity [21]. In ryegrass, Si application alleviated lipid peroxidation triggered by Al stress by increasing phenol concentration and the activities of antioxidant enzymes such as superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX) [22]. Similarly, Si mitigated abiotic stress by activating enzymes and the non-enzymatic antioxidant system (ascorbic acid and glutathione) in rice [23] and barley [24].

Tartary buckwheat is an important edible and medicinal crop with abundant nutrients and bioactive compounds [25]. The main production area of Tartary buckwheat is southwest China, where acidic red soils, yellow soils, and latosols with mostly low pH predominate [26,27]. Tartary buckwheat is an Al-accumulating species; plants subjected to 50 μM Al accumulated approximately 5 and 0.4 g kg−1 in the roots and shoots, respectively [28], and showed inhibited root growth [29]. One study found that Si enhances tartary buckwheat growth characteristics and fortifies the bioactive compounds [30]. Furthermore, there is evidence of Si alleviating Al toxicity in rice, maize, and peanut [31–33]. Therefore, the objective of this study was to investigate the effects of Si on root growth, ROS production, and the antioxidant system of Tartary buckwheat roots under Al stress.

2  Methods

2.1 Plant Material and Growth Conditions

Uniform-sized seeds of Tartary buckwheat (Chuanqiao No. 1) were sterilized in sodium hypochlorite solution for 15 min, then washed thoroughly with ultrapure water and soaked in ultrapure water for 12 h. The soaked seeds were placed on a seedling tray with a layer of gauze and germinated at 18°C/25°C and 70%/80% humidity (day/night) in the dark for 3 days. Extra ultrapure water was added regularly during germination to keep the gauze moist. Uniform germinated seeds with 2 cm root length were selected and placed in a PCR plate with no bottom. Each PCR plate containing 30 germinated seeds was floated in a square box containing 400 ml of different treatment solutions, and growth was continued at 18°C/25°C, 70%/80% humidity, in a 12/12 h (light/dark) environment for 4 days. Seedlings were harvested and assayed.

2.1.1 Al Stress Experiment

This experiment was carried out using hydroponics. Different concentrations of aluminum trichloride (AlCl3) were added to a base nutrient solution of 0.5 mM calcium chloride (CaCl2), and the pH was adjusted to 4.5 with potassium hydroxide (KOH) and hydrochloric acid (HCl). The treatment groups were: CK (control, only base nutrient solution), and CK (pH 4.5) with 25, 50, 100, 200, or 300 μM Al3+ (from AlCl3).

2.1.2 Si Mitigation of Al Stress Experiment

This experiment was also carried out using hydroponics. We applied 1.5 mM sodium silicate (Na2SiO3) based on preliminary experimental results (shown in the supplementary materials), and 100 μM Al3+, based on the results in Table 1 and its actual amount in acidic soil [34], to study the influence of Si on Al stress. Treatments were: base nutrient solution (CK), and addition of 1.5 mM Na2SiO3 (CK+Si), 100 μM Al3+ (Al), or 1.5 mM Na2SiO3 + 100 μM Al3+ (Al+Si). The pH of all solutions was maintained at 4.5 by KOH and HCl. The seeds were cultivated under the same conditions as in Section 2.1.1. After 4 days, some of the seedlings were used to determine morphological parameters, and the rest were frozen in liquid nitrogen and stored at −80°C.
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2.2 Growth Analysis

For each treatment, 15 Tartary buckwheat seedlings were randomly selected (Excel’s RANDBETWEEN function) for morphological parameter determination. Lengths of the primary root and shoot were measured with a ruler. All roots were imaged by a root scanner (Epson Expression 12000xl scanner, Japan) to determine total root length, root tips, root volume, and root surface area using 2017WinRHIZO software.

2.3 Superoxide Anions and Malondialdehyde

Superoxide anions (O2−) were measured using the Superoxide Anion Activity Content Assay Kit (Solarbio Life Sciences, BC1295, China). The content of malondialdehyde (MDA) was determined by the thiobarbituric acid method as conducted by Nahar et al. [35]. A 0.1 g sample was extracted by homogenization in 1 ml 10 trichloroacetic acid and centrifugation. Then 0.5 ml supernatant was added to the same volume of thiobarbituric acid solution. The solution was placed in a boiling water bath for 15 min, cooled, and centrifuged, and MDA content was determined by spectrophotometry (UNICOSH, UV-2600A, China).

2.4 Antioxidant Enzyme Activity

A 0.1 g sample of roots was mixed with 1 ml of 0.05 M sodium phosphate buffer (pH 7.8) with 1% (w/v) polyvinylpyrrolidone, and then ground into homogenate in a freezing grinder. The mixture was centrifuged at 4°C and 12,000 rpm for 20 min, and the supernatant was collected for the measurement of antioxidant enzyme activities [35] as follows.

SOD enzyme activity was determined by preparing a reaction solution consisting of 1.5 ml of 50 mM sodium phosphate buffer (pH 7.8), 0.3 ml of 0.75 mM NBT, 100 µM EDTA, 130 mM L-methionine, 20 µM riboflavin, 0.5 ml of distilled water and 50 µl enzyme extract. The test tube was exposed to light for 30 min and then moved to a dark environment to stop the reaction and determine activity [36].

POD enzyme activity was determined according to MacAdam et al. [37]. The reaction solution was prepared with 50 ml of 50 mM sodium phosphate buffer (pH 6.0), adding 28 µl methoxyphenol and heating until dissolved, cooling, and adding 19 µl hydrogen peroxide (H2O2). A 0.1 ml aliquot of enzyme solution was added into 3 ml of reaction solution and after 30 s, the change in absorbance at 470 nm was monitored for 1 min.

CAT activity was determined as in Chance et al. [38]. The reaction solution was prepared by mixing 20 ml phosphate buffer (0.1 M, pH 7.0) with 80 ml H2O2 (0.1 mM). A 2.5 ml aliquot of reaction solution was added to 0.1 ml enzyme solution, and 30 s later, the change in absorbance at 240 nm was monitored for 1 min.

APX activity was determined according to Nakano et al. [39]: 0.1 ml enzyme solution was added to 2.70 ml phosphate buffer (0.05 M, pH 7.0, containing 0.1 mM EDTA-Na), 0.1 ml of 15 mM ascorbic acid, and 0.1 ml of 30 mM hydrogen peroxide. The change in absorbance at 240 nm was monitored for 1 min.

2.5 Total Polyphenol, Total Flavonoid, and Free Radical-Scavenging Ability

Roots (1 g FW) were homogenized with 5 ml 80% methanol, then broken ultrasonically at 50°C for 30 min and centrifuged at 10,000 rpm for 15 min. The supernatant was separated for analysis of total polyphenol and total flavonoid contents, and free radical-scavenging ability. Total polyphenols and total flavonoids were quantified using the method described by Wan et al. [40]. To determine the total polyphenol: 0.5 ml of the extracted solution was mixed with 2.5 ml of 0.2 M Folin–Ciocalteu reagent and reacted for 5 min. Then 2 ml of 7.5% sodium carbonate was added and the mixture was kept in the dark for 2 h. The absorbance of the solution was measured at 760 nm. To determine the total flavonoid: 1.0 ml extraction solution was added to 0.5 ml of 5% sodium nitrite and 0.5 ml of 10% AlCl3 and reacted for 5 min. Then 2.5 mL of 1 M sodium hydroxide was added to terminate the reaction. The absorbance of the solution was measured at 500 nm.

Free radical-scavenging ability (1,1-diphenyl-2-picrylhydrazyl (DPPH)) and 2,2′-azinobis-(3-ethylbenzthiazoline-6-sulphonate (ABTS)) was estimated using the method of Sarker and Oba [41]. Antioxidant activity was determined by DPPH as follows: 50 μl of extract solution was added to a tube containing 950 μl of distilled water and 2 ml of 0.1 mM DPPH. The absorbance of the solution was measured at 517 nm after the tube was left at room temperature for 30 min. Antioxidant activity was determined by ABTS as follows: a stock solution was prepared with 7 mM ABTS solution and 7.35 mM potassium persulfate solution, which were mixed and left standing for 12 h at room temperature in the dark. Then 50 μl extraction solution, 950 μl distilled water, and 2.0 ml ABTS (1 ml of stock solution mixed with 60 ml of 80% methanol) were mixed and allowed to react in the dark for 2 h. The absorbance of the solution was measured at 734 nm.

2.6 Hematoxylin Staining of Roots

The presence of Al was indicated using hematoxylin as described by Kong et al. [42]. The roots were rinsed and soaked in distilled water three times for 10 min each time. Root tips were transferred to 0.2% (w/v) hematoxylin and 0.02% (w/v) potassium iodide for 30 min in the dark. Root tips were then completely dispersed in distilled water, and observed and photographed under a stereomicroscope (Olympus, SZX16).

2.7 Statistical Analysis

Seedling morphology was analyzed by 15 or 30 strains respectively. Physiological data were statistically analyzed three times. Statistical data were analyzed using ANOVA in IBM SPSS Statistics 25, and Duncan’s test was used to analyze significant differences. The images were created using Origin 2023 and Adobe Illustrator CC 2018 software.

3  Results

3.1 Seedling Growth Responses under Al Toxicity

The germinated tartary buckwheat seedlings were cultivated under acidic conditions with different concentrations of Al3+ for 4 days. The results are shown in Table 1A and Fig. 1A. Primary root length, total root length, and shoot length were significantly decreased under acidic conditions (pH 4.5) compared to seedlings grown under control conditions (0.5 mM CaCl2). Root growth (total root length, primary root length, root tips, root surface area, and root volume) decreased significantly with increasing concentrations of Al3+. Shoot length first decreased and then increased with increasing Al3+ concentration.
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Figure 1: Root and shoot growth of Tartary buckwheat seedlings treated with different Al3+ concentrations (A) and with Si under 100 µM Al stress (B)

3.2 Effect of Si on Seedling Growth Responses under Al Toxicity

In the presence of Si, root growth (primary root length, root tips, and root surface area) and shoot length were significantly improved in comparison to the Al treatment (Table 1B and Fig. 1B), increasing by 22.06%, 44.10%, 12.55%, and 12.96%, respectively.

3.3 Hematoxylin Staining of Roots

Hematoxylin staining revealed the accumulation of Al in root tips under different treatments (Fig. 2). Under the Al treatments, intense staining in the root tips (including the root crown, meristem, and elongation regions) and older root zones was observed. In comparison, under the Al+Si treatment, the Al staining of the root tips was lighter, and the older root area had barely any stain at all.
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Figure 2: Hematoxylin staining of Tartary buckwheat roots under control (CK), 100 μM Al3+ (Al), and 100 μM Al3+ + 1.5 mM Na2SiO3 (Al+Si) treatments

3.4 Effect of Si on Biochemical Traits of Seedling Root Responses under Al Toxicity

3.4.1 ·O2− and MDA

As shown in Fig. 3, the contents of ·O2− and MDA in the roots of tartary buckwheat seedlings increased upon Al stress. The addition of Si significantly reduced these contents by 29.39% and 25.22%, respectively.
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Figure 3: O2− (A) and MDA (B) content in the roots of tartary buckwheat seedlings under control (CK), 1.5 mM Na2SiO3 (Si), 100 μM Al3+ (Al), and 100 μM Al3+ + 1.5 mM Na2SiO3 (Al+Si) treatments. Values are means ± SE (n = 3) and different letters indicate statistically significant differences according to Duncan’s test (p < 0.05)

3.4.2 Antioxidant Enzyme Activity

Under Al stress, SOD and POD activities were significantly enhanced compared to controls, whereas CAT and APX activities showed the opposite trend (Fig. 4). Exogenous application of Si resulted in a further significant increase in POD activity and considerably alleviated the APX activity decline induced by the Al stress.
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Figure 4: SOD (A), POD (B), CAT (C), and APX (D) activities in the roots of Tartary buckwheat seedlings under control (CK), 1.5 mM Na2SiO3 (Si), 100 μM Al3+ (Al), and 100 μM Al3++ 1.5 mM Na2SiO3 (Al+Si) treatments. Values are means ± SE (n = 3) and different letters indicate statistically significant differences according to Duncan’s test (p < 0.05)

3.4.3 Polyphenol and Flavonoid Contents, and Free Radical-Scavenging Ability

Total polyphenol and total flavonoid contents, and free radical-scavenging ability by DPPH and ABTS assay were significantly reduced by Al stress (Fig. 5). These parameters were improved by adding Si, increasing by 18.42%, 37.78%, 47.28%, and 19.44% relative to the Al stress conditions, respectively.
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Figure 5: Total polyphenols (A), total flavonoids (B), and DPPH (C) and ABTS (D) free radical clearance in the roots of Tartary buckwheat seedlings under control (CK), 1.5 mM Na2SiO3 (Si), 100 μM Al3+ (Al), and 100 μM Al3+ + 1.5 mM Na2SiO3 (Al+Si) treatments. Values are means ± SE (n = 3) and different letters indicate statistically significant differences according to Duncan’s test (p < 0.05)

3.5 Evaluation of the Effect of Si on Al Stress Using Hierarchical Clustering Heat Maps

Hierarchical clustering heat maps (Fig. 6) showed that root growth (total root length, primary root length, root tips, root surface area, and root volume), shoot length, polyphenol and flavonoid contents, free radical-scavenging ability (DPPH and ABTS), and APX activity were lower under the Al stress compared to controls, while ·O2−, MDA and soluble protein contents, and SOD and POD activities were higher. Compared to the Al treatment, the application of Si effectively increased root growth, shoot length, polyphenol, and flavonoid levels, free radical-scavenging ability, antioxidant enzyme activity (SOD, POD, CAT, and APX), and soluble protein content, and decreased ·O2− and MDA contents.
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Figure 6: Hierarchical clustering heat maps of the Tartary buckwheat seedlings under control (CK), 1.5 mM Na2SiO3 (Si), 100 μM Al3+ (Al), and 100 μM Al3+ + 1.5 mM Na2SiO3 (Al+Si) treatments

4  Discussion

Root growth inhibition is one of the main and most severe indications of Al toxicity [43]. Upon exposure to Al3+, Al binds quickly to the root tip cell walls, inhibiting their growth [44]. Significant inhibition of root growth by Al exposure is time- and concentration-dependent [45]. In the present study, when exposed to different Al concentrations for 4 days, root growth inhibition (total root length, primary root length, root tips, root surface area, and root volume) of Tartary buckwheat seedlings increased with increasing Al concentration (Table 1A). Consistent with our study, inhibition of these root characteristics was recorded in 227 common bean genotypes under Al toxicity [46]. However, the addition of Si significantly improved root growth under Al stress (Table 1B, Fig. 1B). This effect of Si has been verified in cucumber [47] and maize [48], and is associated with reduced deposition of Al in the root tips, as found in rice [49]. Similarly, hematoxylin staining for Al in the root tip was significantly weakened in the presence of Si + Al (Fig. 2). Previous studies have shown that Si can induce root exudation and regulate hemicellulose to affect the absorption and diffusion of Al [49,50].

Redox homeostasis plays an important role in root development, where excessive accumulation of ROS under Al stress can damage root cell development by causing protein oxidation, lipid peroxidation, and DNA damage [51,52]. The production of ROS, such as superoxide radicals (·O2−), H2O2, and hydroxyl radicals (·OH), caused by Al toxicity has an important effect on plants [53]. In the present study, MDA content was significantly induced by Al (Fig. 3), reflecting disruption of plasma membrane integrity [54]. When Al is removed, ROS decreases and root elongation resumes [2]. Similarly, less O2− and MDA were accumulated in the roots of Al-tolerant soybean and wheat, respectively, exposed to Al [55,56]. The addition of Si significantly decreased ·O2− and MDA content (Fig. 3). This means that Si enhances the plant’s ability to tolerate Al, as also seen in barley [57] and wheat [58].

Under stress conditions, plants can regulate ROS homeostasis via their antioxidant enzymes [59]. Under Al stress, the activities of antioxidant enzymes SOD, POD, and CAT increase to cope with the increase in ROS, but when the tolerance range is exceeded, the antioxidant enzyme activities decrease and are insufficient to cope with the excess ROS, resulting in inhibition of plant root growth [60]. In one study, the addition of Si enhanced the activities of SOD, POD, CAT, and APX under Al stress, thereby reducing the contents of O2−, H2O2, and MDA, and reducing the toxicity of Al caused by peroxidation damage [23]. In the present study, Si supplementation significantly improved POD and APX activities, but did not improve SOD or CAT activities compared to the Al-treated seedlings (Fig. 4). The observed improvement in POD and APX activities may be an important factor in the alleviation of Al toxicity [61]. Under Al stress, SOD and POD activities were significantly increased, whereas CAT and APX activities were significantly decreased (Fig. 4). Decreased oxidase activity was also found in Brassica napus, possibly causing ROS accumulation [62]. Why Al stress reduces oxidase activities of CAT AND APX), and how the addition of Si improves activities of POD AND APX remains to be studied.

Phenolic compounds play multiple roles in plants’ response to Al stress, such as protecting plants from oxidative stress, chelating Al to form Al–phenol complexes, and causing the efflux of Al3+ [63–65]. Previous studies have shown the induction of phenolic compounds upon Al stress [66]. In contrast, we found that Al toxicity damaged the synthesis of polyphenol and flavonoid compounds, and decreased free radical-scavenging capacity (DPPH and ABTS) in Tartary buckwheat seedling roots (Fig. 5). Si application significantly improved total flavonoids and free radical-scavenging capacity (Fig. 5), possibly serving to maintain ROS homeostasis [67]. Vega et al. [57] and Pontigo et al. [22] have shown that the enhancement of phenolic compounds triggered by Si contributes to relieving Al-induced oxidative stress in barley and ryegrass, respectively.

Overall, under Al stress, Al3+ accumulated in the roots of Tartary buckwheat seedlings, causing oxidative stress that disrupted root growth. The addition of Si alleviated the Al-induced oxidative damage by enhancing antioxidant enzyme activities (POD and APX), phenolic (flavonoid) content, and free radical-scavenging capacity (DPPH and ABTS), and reducing the accumulation of Al3+ in the roots, thus improving root growth in tartary buckwheat seedlings (Fig. 6).

5  Conclusion

In this study, root growth of Tartary buckwheat seedlings was significantly inhibited by Al toxicity, which was related to the accumulation of large amounts of Al and oxidative damage. The application of Si reversed these adverse effects, mainly through a decrease in Al accumulation, and increased antioxidant enzyme activity and flavonoid compounds. Further study at the molecular and cellular levels will enhance our understanding of Si’s alleviation of Al stress in Tartary buckwheat. The mitigating effect of Si application to Al-contaminated land on plants needs to be further verified.
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OEBPS/Images/table-1.png
Table 1: Root and shoot growth of Tartary buckwheat seedlings treated with (A) different concentrations of
AP* (means + SE, n = 15) and (B) the addition of Si under 100 uM AI*" stress (means + SE, n = 30)

Treatment Total root length Main root length Root tips Root surface area  Root volume  Shoot length
(cm) (cm) (number) (em?) (em®) (cm)
CK 46.29 +£2.08a 13.47 + 0.67a 105.93 = 9.19 £ 0.49a 0.0208 + 8.35+0.25a
10.69b 0.001a
CK(pH 4.5) 42.12+1.71b 10.07 + 0.94b 131.87 = 8.78 + 0.48a 0.0224 + 6.19 +0.2¢d
14.09a 0.0011a

25 uM A" 39.69 £ 1.03b 8.38 + 0.67b 98.87 £ 6.28bc 8.36 +0.32a 0.0198 + 6.44 +0.17cd
0.0011ab

50 uM AP 33.26 £ 1.05¢ 6.47 + 0.59¢ 81.53 £5.49¢cd 6.84 +0.28b 0.0172 £+ 5.9+0.19d
0.0006bc

100 uM A" 22,05 +1.17d 542+ 0.4c 63.13 £7.38de 5.32 +£0.24c 0.0157 6 +0.38d
0.001c

200 pM A" 15.58 +0.59% 3.06 + 0.44d 5193 £3.58¢ 5.07+0.2c 0.0127 £+ 6.85 = 0.29bc
0.001d

300 uM AP 14.4 + 0.79¢ 2.29 +0.23d 45.67 £3.02¢ 4.59 £0.22¢c 0.0126 + 7.36 £ 0.25b
0.0008d

CK 29.51 £ 1.31a 7.65 + 0.28ab 92.57 + 6ab 6.1 +0.23a 0.0196 + 8.43 £0.27ab
0.0006a

CK+Si 2897+ 1.17a 8.43 +0.43a 105.37 £6.91a 6.16 + 0.26a 0.0174 8.32+£0.18b
0.0006b

Al 21.97 £0.81b 5.89+0.19¢ 60.47 £5.04c  5.15+0.19 0.017 £ 8.07 £0.27b
0.0007b

Al+Si 23.25 £ 0.82b 7.19+0.41b 87.13 £4.53b 58+0.23a 0.0184 + 9.12+£0.27a
0.0009ab

Note: CK =0.5 mM CacCl,, CK+Si= 0.5 mM CaCl, + 1.5 mM Na,SiO3, Al = 0.5 mM CaCl, + 100 uM AP, Al+Si= 0.5 mM CaCl, + 100 uM APT+
1.5 mM Na,SiO;. Different letters in the same column indicate statistically significant differences according to Duncan’s test (p < 0.05).
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