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Phytoliths are composed of 66 to 91% SiO2 and 1 to 6% organic carbon (C) known as phytolith occluded carbon (PhytOC). PhytOC is critical for long-term C storage in the agroecosystem. A field experiment was carried out to investigate the effect of three different sources of exogenous Si, i.e., diatomaceous earth (DE), silicic acid (SA) and rice husk biochar (RHB) on 1) plant phytolith, C content in phytolith and PhytOC content in different rice organs; 2) relationship between plant phytolith, C content in phytolith, PhytOC content, and soil properties (soil physicochemical properties and readily soluble silicon pools). Different Si sources produced significantly higher phytolith, PhytOC content, and readily soluble Si pools (CCSi, AASi, and ASi) than the control (RDF), with treatment receiving 4 t RHB ha-1 outperforming the other treatments. Phytolith and PhytOC production were found to be significantly correlated to soil organic carbon (OC), available nitrogen (N) and potassium (K), 0.01 M CaCl2 extractable Si (CCSi) and amorphous Si (ASi) content in the soil. Redundancy analysis showed that treatments receiving 4 t RHB ha-1 have a stronger relationship with the CCSi and ASi which majorly contributed to the higher phytolith and PhytOC production. Thus, practices such as Si fertilizers and RHB application have a high potential for phytolith production and PhytOC sequestration, a critical mechanism of the global biogeochemical C sink.




Keywords: phytolith, PhytOC, rice, Si fertilizers, rice husk biochar




1 Introduction

The word phytolith is derived from two Greek words ‘phyton (φϋτoν) = plant’ and ‘lithos (λίθoς) = stone’ meaning ‘plant stone.’ It is a silicified feature of plants, that may accumulate in soils and sediments for several hundreds to thousands of years depending mainly on the morphology and chemical composition of phytoliths and environmental conditions. Rice roots have an active silica uptake mechanism that can absorb up to 90% of the Si in the soil and transport it to the shoots (Mandlik et al., 2020). After translocation, silicic acid is further concentrated and polymerized as amorphous silica (phytolith) passively at concentrations greater than 2 mmol L-1 (Mandlik et al., 2020). The concentration of mono silicic acid in the soil does not exceed 2 mmol L-1, hence, polymerization occurs only in plants (Mandlik et al., 2020). Phytolith usually takes the shape of the cell where it gets deposited, which means it cannot be mobilized or translocated further (Kumar et al., 2017). Phytoliths are composed of 66 to 91% SiO2 with 0.2 to 5.8% organic carbon occluded within them known as phytolith occluded carbon (PhytOC) (Anjum and Prakash, 2021). PhyOC is a recalcitrant source of C (Liu et al., 2023) and can be locked up in the phytolith for up to 1018 years, depending on the morphology, chemical composition and environmental conditions (Tan et al., 2021). Therefore, it is critically important to study different factors influencing phytolith and PhytOC formation.

Rice is a typical Si accumulator plant with up to 10% Si in its above-ground biomass which is higher than the major nutrients (Anjum and Prakash, 2021). The global rice planting area is approximately 167.2 Mha with an annual production of 750 million tonnes (FAO, 2020). India has the largest rice cultivating area accounting for 26.1% (43.79 Mha) of the total area in the world (FAO, 2020). An average rice crop can remove 204-620 kg of Si ha-1 (Majumdar and Prakash, 2020a). Rice straw contains 85% of the Si taken up by the plant (Anjum and Prakash, 2021). Continuous removal of rice straw without external supplementation of Si has depleted the plant-available Si (PASi) in the majority of India’s traditional rice fields (Sandhya and Prakash, 2018). Si extracted with CaCl2 (CCSi), acetic acid (AASi), and 1% Na2CO3 (ASi) is considered as PASi proxies as the Si extracted by these reagents is proportional to plant Si uptake. Meunier et al. (2018) also hypothesized that soil phytolith controls PASi. Plant residue decomposition in soil releases phytoliths which are composed of amorphous Si (ASi) particles. Phytoliths are considered the most soluble Si pools compared to other Si minerals (Frysse et al., 2009). Si sources such as Diatomaceous earth and biochar are the sources of ASi (Sandhya and Prakash, 2018; Anjum and Prakash, 2022). Si fertilizers such as diatomaceous earth (Sandhya and Prakash, 2018; Anjum and Prakash, 2022), Foliar silicic acid (ShwethaKumari et al., 2021; Anjum and Prakash, 2022). rice husk biochar (Shetty and Prakash, 2020. Anjum and Prakash, 2022) has been reported to increase PASi, Si uptake and hence crop productivity (Sandhya and Prakash, 2018; Anjum and Prakash, 2022). Increase in productivity is correlated with increases the phytolith and PhytOC production (Anjum and Prakash, 2021).

Different strategies to increase phytolith and PhytOC production has been attempted worldwide. Phytolith and phytOC production has been reported to be correlated with the soil pH and soil nutrient status (Tan et al., 2021). An increase in phytolith and PhytOC production has been reported with the application of nitrogen (N) (Zhao et al., 2016) and nitrogen, phosphorus, and potassium (NPK) fertilizers (Huang et al., 2014) in degraded grasslands and Lei bamboo, respectively. Li et al. (2020a) reported that the application of combined Si-phosphorus (P) increased the plant phytolith concentration and PhytOC content. Combined Si- Nitrogen (N) fertilizers were reported to increase the plant phytolith concentration and PhytOC content in Moso bamboo plantations (Liu et al., 2023). Various Si fertilizers such as basalt powder (Guo et al., 2015), slag-based Si fertilizers (Song et al., 2015; Sun et al., 2019), sodium silicate (Li et al., 2020a) have previously been shown to increase phytolith and PhytOC content in rice in a pot experiment. The results of rice phytoliths and PhytOC differ among different researchers based on the source and type of soil. A field study on the effects of different Si fertilizer sources on rice to select the better source has not been attempted so far. Moreover, the quantitative relationship of PASi and soil physicochemical properties on phytolith or phytOC production has also not been well understood. Therefore, we conducted a field study using three different Si sources, namely diatomaceous earth (DE), silicic acid (SA), and rice husk biochar (RHB). In this study we aimed to (1) investigate the effects of different Si sources on phytolith and PhytOC production in rice; (2) understand the effects of different Si sources on readily soluble Si pools and physicochemical properties of soil and (3) to establish a relationship between phytolith and PhytOC content in plant and soil properties We hypothesized that application of different sources of Si will (1) increase the phytolith and PhytOC production (2) readily soluble Si pools and (3) improve the soil’s physicochemical properties. This work will help towards selecting a practical and cost-effective source of Si for fertilizer management in rice ecosystem.




2 Materials and methods



2.1 Experimental site and soil

The experiment began in 2015 at C-Block, ZARS, V.C. Farm, Mandya (located at latitude 19° N, longitude 76° E, and 695m altitudes). The soil is classified as Alfisol (Hyperthermic mixed typic Rhodustalf). The textural class is sandy loam with 76.54% sand, 6.56% silt, and 16.90% clay. The pH of the experimental soil (2015) was 7.1 (1:2.5 soil-water suspension) and the electrical conductivity (EC) was 0.22 dS m-1. At 0-15 cm soil depth, OC content was 11.70 g kg-1, available nitrogen (N) was 340.48 kg ha-1, available phosphorus (P) was 203.32 kg ha-1, available potassium (K) was 348.09 kg ha-1, 0.5M acetic acid extractable Si (AASi) concentration was 73.82 mg kg-1, 0.01M extractable CaCl2 Si (CCSi) concentration was 41.98 mg kg-1 and 1% Na2CO3 extractable amorphous Si (ASi) was 4.91 g kg-1.




2.2 Cropping system and management

In 2015, the experiment began with the rice-rice cropping system to monitor the inputs, outputs, and the internal silicon transfer in the paddy field to estimate the solute mass balance, status of silicon and bioavailable silicon (Riotte et al., 2018). In 2015, the experiment was started with four replicates of each treatment: (1) barren soil, (2) barren soil with the application of 30 g m-2 of diatomaceous earth (DE) from Agri Power Australia Ltd., (3) planted with rice, and (4) rice planted with the application of 30 g m-2 of DE before planting. All plots received the recommended dose of fertilizers (RDF) (100:50:50, N: P2O5: K2O kg ha-1) as per the package of practices. The entire P (diammonium phosphate, DAP, 18% N and 46% P2O5) and K (muriate of potash, MOP, 60% K2O) dose was applied as basal treatments, while N (urea) was applied in two split doses 30th and 60th day after transplanting. The experiment was repeated in 2016 with rice hull biochar at the rate of 2 t ha-1 as the Si source. In 2015 and 2016, KMP-101, locally called Thanu variety, was used for transplanting. However, from July (Rainy season) 2017, the objective of the experiment was changed to assess the effect of different Si sources on rice. The experimental plots were converted to the aerobic rice plot, and the variety grown was changed to BI-33 (Anagha). Three different Si sources were used i.e., diatomaceous earth (DE), concentrated soluble silicic acid (SA), and rice husk biochar (RHB). The composition of DE and RHB is shown in Table 1, and concentrated soluble silicic acid (SA), obtained from ReXil Agro BV, Chennai, India, contains 2% Si as soluble H4SiO4 (ShwethaKumari et al., 2021). As a result, the treatments were modified: (1) T1: Control (RDF alone); (2) T2: RDF + 300 kg DE ha-1; (3) T3: RDF + 4 mL SA L-1; and (4) T4: RDF + 4 t RHB ha-1. The three Si sources RHB, DE and SA were applied at the rate of 4 t ha-1, 300 kg ha-1 and 4 mL L-1, respectively. The entire dose of DE and RHB was applied as a basal before sowing, while the SA was foliar sprayed every 15 days up to reproductive stage of the rice. To avoid the drift to the adjacent plot while spraying, foliar spray was conducted in the early morning with the help of a knapsack sprayer (AGRIMATE, AM 505E) of 20 L capacity. The application rates of DE and RHB fall within the range of field application rates of Si fertilizers (Sandhya and Prakash, 2018) and biochar (Liu et al., 2013), respectively.


Table 1 | Composition of diatomaceous earth (DE) and rice husk biochar (RHB).






2.3 Plant sampling and analysis

Plant samples were collected from the field after the crop was harvested in June 2019. The samples were washed with deionized water, dried in an oven at 70°C, and grounded with a ball mill (MM 400, Retsch, GmBH, Germany) for further analysis.



2.3.1 Plant phytolith and PhytOC analysis

Plant phytolith content was extracted using microwave digestion followed by Walkley and Black digest (Anjum and Prakash, 2021). 0.2 g of powdered plant materials were taken into digestion tubes. 3 mL of concentrated HNO3, 2 mL of H2O2 and 0.5 mL of HCl were added to the digestion tube and arranged on the rotor of the microwave digestor (Milestone Start D). The rotor was placed in the microwave and samples were digested for approximately 50 minutes. After 50 minutes samples were rinsed with distilled water and centrifuged four times with a speed of 3500 rpm for 5 minutes. The extracted phytoliths were transferred into pre-weighed centrifuge tubes, dried at 65°C for 72 h in a hot air oven and then weighed. A small amount of phytolith was examined under an optical microscope (EVOS M 7000, Thermo Fisher Scientific, UK) to verify whether organic material external to phytolith were removed extraneous to phytoliths was removed and to identify the morphology of the phytolith (Figure 1).




Figure 1 | Dominant Phytolith morphotypes identified in rice straw sample under optical microscope (EVOS M700) (400 x or 75 μm) (A, B) bulliform, (C) bilobate.



The C content in the isolated phytoliths was determined according to alkali dissolution spectrophotometry (Yang et al., 2014). The procedure is as follows: (a) approximately 0.01 g phytolith was weighed in 10 mL plastic tubes (b) 0.5 mL NaOH (10 mol/L) was added to plastic tubes and allowed to rest for 12 h before being transferred into 30-mL glass tubes (c) 1 mL of K2Cr2O7 solution (0.8 mol L-1) and 4.6 mL concentrated sulfuric acid (H2SO4, 98% pure) are placed in glass tubes and then heated in a water bath to 98°C for 1 h (d) cooled and distilled water was added to 25 mL of the solution and then it is transferred into 50 mL plastic tubes where tubes are centrifuged at 2500 rpm for 10 min (e) the supernatant is processed by colorimetric analysis at 590 nm, and the absorbance is recorded.




2.3.2 Calculation

	

The plant PhytOC content (%) was calculated using the following equation:

	





2.4 Physicochemical analysis of soil sample

After crop harvest, surface soil samples were collected from each plot with a screw auger. Soil samples were air-dried, powdered, and sieved with a 2 mm sieve. The soil pH was measured using a glass electrode with a soil-to-water ratio of 1:2.5 (m: v) (Systronics pH system 362, India). Electrical conductivity (EC in soil water suspension of 1:2.5) was measured with Systronics Conductivity Meter 306, India. The wet oxidation method (Walkley and Black, 1934) was used to analyze the soil OC. The available nitrogen (N) was determined by the alkaline potassium permanganate method (Subbiah and Asija, 1956). Estimation of available phosphorus (P2O5) by Olsen’s method (Olsen, 1954). Available K was extracted by using 1 N ammonium acetate and was analysed using flame photometry (Jackson, 1973).




2.5 Extraction and estimation of readily soluble Si pools

In this study, we extracted three readily soluble Si pools using different extractants: 1) 0.01 M CaCl2 (Haysom and Chapman, 1975), 2) 0.5 M acetic acid (Narayanaswamy and Prakash, 2009) and 3) amorphous Si was extracted using 1% Na2CO3 (Majumdar and Prakash, 2020b). Throughout the paper, Si extracted by 0.01 M CaCl2, 0.5 M CH3COOH, and 1% Na2CO3 is referred to as CCSi, AASi and ASi, respectively. The detailed extraction procedures are given below.



2.5.1 0.01 M CaCl2 extractable Si

0.01 M CaCl2 was used to extract mobile Si fraction i.e., Si present in the soil solution (monomeric silicic acid in most soils). In 50 mL plastic centrifuge tubes, 2.0 g air-dried soil samples along with 20 mL of 0.01 M CaCl2 solution were added. Samples were shaken thoroughly in a horizontal shaker for 16 h (Haysom and Chapman, 1975). After that extracted samples were centrifuged at 3000 rpm for 3 minutes and the supernatants were filtered. 0.25 mL reducing agent (1-amino-2-naphthol-4-sulfonic acid - ANSA) was added after 2 minutes. The solution was then left undisturbed for 30 min after the reducing agent was added and the absorbance was measured at 820 nm wavelength using UV visible spectrophotometer (SHIMADZU Pharma spec, UV-1700 series, Japan) with an autosampler (ASC-5). Simultaneously, Si standards (0, 0.5, 1, 2, 3, 4, 5 and 6 mg L-1) prepared in the same matrix were analysed by using the UV visible spectrophotometer (Haysom and Chapman, 1975).




2.5.2 0.5 M acetic acid extractable Si

In the present study, 0.05 M acetic acid (CH3COOH) was used to extract labile and adsorbed Si (Narayanaswamy and Prakash, 2009). Air-dried soil samples (5.0 g) were thoroughly shaken in an end to end horizontal shaker for 1 hour with 12.5 mL (1:2.5 ratio) of 0.5 M acetic acid (CH3COOH) solution in a 50 mL Tarson’s plastic centrifuge tube (Kornodorfer et al., 2001). Extracted samples were centrifuged at 3000 rpm for 3 minutes before being filtered. An aliquot of 0.25 mL was taken from the filtrate and placed in a plastic centrifuge tube with 10.5 mL, 0.25 mL, and 0.5 mL of distilled water, 1:1 hydrochloric acid, and 10% ammonium molybdate solution, respectively. The solution was then left undisturbed for 5 minutes before adding 0.5mL of 20% tartaric acid solution. After 2 minutes, another 0.5 mL of reducing agent (1-amino-2-naphthol-4-sulfonic acid - ANSA) was added. The absorbance was measured at 630 nm after 5 minutes but no later than 30 minutes after the addition of the reducing agent using a UV visible spectrophotometer (SHIMADZU Pharma spec, UV-1700 series, Japan) with an autosampler (ASC-5). Simultaneously, Si standards (0, 0.2, 0.4, 0.8, 1.2 and 1.6 mg L-1) prepared in the same matrix were analyzed using a UV visible spectrophotometer.




2.5.3 Amorphous Si

The Na2CO3 extraction is used for the quantification of amorphous Si (ASi) in soils. This method involves kinetic extraction of the mineral fraction, which has a linear dissolution behavior and nonlinear dissolving ASi fractions (Majumdar and Prakash, 2020b). The principle based on the Na2CO3 extraction is a weak-base method in which aluminosilicates release Si linearly over time and ASi dissolves at a faster rate than crystalline silicate particles. The ASi content was calculated by determining the linear regression intercept at a constant extraction rate (Majumdar and Prakash, 2020b). In this study, ASi content was determined using time course kinetic extraction with 1% Na2CO3 (pH 10.8) at 85°C, as described by Majumdar and Prakash (2020b), which involves digestion of the samples for up to 6 h rather than the commonly used 5 h digestion method. 30 mg of dried soil sample was mixed with 40 mL of Na2CO3 in round bottom polypropylene tubes and placed on the water shaker bath (MEMMERT GmbH + Co. KG, Germany) at 85°C ± 0.6°C with caps slightly loosened to vent gases. Later, at 3, 4, 5 and 6 h, 1 mL of aliquot was taken. Which was neutralized and acidified in a 10 mL Tarson tube with 9 mL of 0.021 N HCl. The molybdenum blue colorimetric method was used to determine the Si concentration in the collected sub-sample using the Silicon kit - SpectroquantR reactant (Merck). A UV visible spectrophotometer was later used to measure the intensity of the blue color at 820 nm.





2.6 Calculations and statistical analysis

The data presented in the study is the average of the four replicates. All datasets were analyzed statistically using one-way ANOVA with SPSS and Star software packages at a significance level of P<0.05 via Tukey test. Redundancy analysis (RDA) was carried out to determine the interrelationship between plant phytolith and soil parameters. RDA is an intriguing extension of PCA in which the response variables are explicitly modelled as a function of explanatory variables. In this study, the phytolith and PhytOC parameters were considered as response variables, whereas soil parameters (pH, EC, OC, available N, P, K, CCSi, AASi and ASi) were explanatory variables. To determine the structure and direction of the interdependences among the response variables a PCA was performed using R x 64 4.0.1 software using the ggplot2 package. The correlation matrix was used to extract principal components. Kaiser-Meyer-Olkin (KMO) and Bartlett’s tests were used to determine the suitability of the data for PCA (Maurya et al., 2021). KMO test results greater than 0.50 and Bartlett’s significance level p<0.05, indicated a significant relationship between different variables. The RDA’s graphical output is a triplot, which is made up of two biplots stacked on top of each other. The graph’s three components are 1) explanatory variables, 2) response variables, and 3) treatment. Monte Carlo permutation test with PERMANOVA with 999 permutations is used to determine the order of importance of explanatory variables (adonis function). The F statistic and p value show that the null hypothesis can be rejected. The Monte-Carlo test indicates it is significant.





3 Results



3.1 Effect of different Si sources on phytolith content

The content of phytolith significantly increased compared to the control (RDF alone) with application of different Si sources (Figure 2). The different Si sources increased the phytolith content of each rice organ and follow the trend: husk > leaf > straw > grain. The average phytolith content in all the treatments varied significantly from 1.83 to 13.80% among different rice organs. The content of phytolith in leaf (8.45 ± 0.59%) and straw (6.91 ± 0.55%) was significantly (p< 0.05) higher than that of the control. Among the treatments, application of 4 t RHB ha-1 had the highest phytolith content (8.45 ± 0.59%) in leaf, followed by 4mL SA L-1 (8.02 ± 0.64%) and 300 kg DE ha-1 (7.45 ± 0.34%). Phytolith content in straw was recorded to be higher with the treatment receiving 4 t RHB ha-1 (6.91 ± 0.55%) and the remaining treatments were on par with each other. In the husk, a significantly higher phytolith content of 13.80 ± 0.67% was recorded with the application of 4 t RHB ha-1, whereas DE application at 300 kg ha-1 (12.55 ± 0.30%) and SA application at 4 mL L-1 (12.28 ± 0.48%) produced comparable results. Phytolith content in grain follows the same trend with treatment receiving 4 t RHB ha-1 recording significantly higher phytolith (3.41 ± 0.16%) followed by 300 kg DE ha-1 (2.73 ± 0.39%) and 4 mL SA L-1 (2.61 ± 0.37%).




Figure 2 | Effect of different sources of Si on phytolith content in leaf, straw, husk and grain of aerobic rice. (Capped bars at the surface of vertical bars represents the standard deviation, n = 4. Means ±SD with different letters in the same column indicate significant differences among the treatments tested (Tukey, p ≤ 0.05)DE, Diatomaceous Earth; SA, Silicic Acid; RHB, Rice Husk Biochar).






3.2 Effect of different Si sources on C content in phytolith and PhytOC content

There was a significant increase in the C content in phytolith (%) and PhytOC (%) with the application of different Si sources (Figures 3, 4). However, it does not follow any trend within different rice organs and different sources of Si. The C content in the phytolith and PhytOC content in different rice organs ranged from 0.19 to 3.04% and 0.004 to 0.46%, respectively. Different Si sources significantly increased the C content in Phytolith (%) in leaf over control (RDF) but there was no significant difference among the treatments. Treatment receiving 300 kg DE ha-1 recorded higher C content in straw phytolith (1.48 ± 0.45%) and husk phytolith (0.84 ± 0.05%) (Figure 3). The C content in grain phytolith was found to be higher in the treatment receiving 4 t RHB ha-1 (0.33 ± 0.01%) and lower in the control (0.19 ± 0.025%) (Figure 4). Application of 4 t RHB ha-1 had significantly higher PhytOC content in leaf (0.46 ± 0.02%) and grain (0.011 ± 0.001%), while the control (RDF alone) recorded the lowest (Figure 4). Whereas PhytOC content in straw and husk did not differ significantly with the application of different sources of Si (Figure 4).




Figure 3 | Effect of different sources of Si on C content in phytolith content in leaf, straw, husk and grain of aerobic rice. (Capped bars at the surface of vertical bars represents the standard deviation, n = 4. Means ±SD with different letters in the same column indicate significant differences among the treatments tested (Tukey, p ≤ 0.05). DE, Diatomaceous Earth; SA, Silicic Acid; RHB, Rice Husk Biochar).






Figure 4 | Effect of different sources of Si on phytOC in leaf, straw, husk and grain during of aerobic rice. (Capped bars at the surface of vertical bars represents the standard deviation, n = 4. Means ±SD with different letters in the same column indicate significant differences among the treatments tested (Tukey, p≤ 0.05). DE, Diatomaceous Earth; SA, Silicic Acid; RHB, Rice Husk Biochar; PhytOC, Phytolith Occluded Carbon).






3.3 Effect of different Si sources on physicochemical properties of soil

There was no significant difference in pH and EC among the treatments (Table 2). The average OC content in post-harvest soil ranged from 5.27 ± 0.66 to 6.79 ± 0.63 g kg-1 (4 t RHB ha-1 = 4 mL SA L-1 > 300 kg DE ha-1> Control (RDF)) recorded significantly (p<0.05) higher organic carbon (OC) (Table 2). The available N content in soil varied from 145.60 ± 7.92 to 198.80 ± 5.60 kg ha-1 and showed the trend: 300 kg DE ha-1 > 4 mL SA L-1 > 4 t RHB ha-1 > Control (RDF) (Table 2). Available P2O5 content varied significantly between 190.24 ± 8.79 to 276.10 ± 14.79 kg ha-1 and followed the trend: 300 kg DE ha-1 = 4 t RHB ha-1 > 4 mL SA L-1 > Control (RDF) (Table 2). The average available K2O varied from 381.33 ± 10.48 to 414.03 ± 10.27 kg ha-1 (4 t RHB ha-1 = 4 mL SA L-1> 300 kg DE ha-1> Control (RDF)) (Table 2).


Table 2 | Effect of different sources of Si on pH, EC, OC, available N, P2O5 and K2O and different pools of Si in post-harvest soils of aerobic rice.






3.4 Effect of different Si sources on readily soluble Si pools

With the application of different silicon sources, the content of 0.5 M acetic acid extractable Si (AASi) and 0.01 M calcium chloride extractable Si (CCSi) in the soil increased significantly (p<0.05). Treatment receiving 4 t RHB ha-1 resulted in significantly higher AASi (146.56 ± 6.52 mg kg-1), CCSi (57.99 ± 17.01 mg kg-1) and ASi content (5.21 ± 1.00 g kg-1) values, while RDF resulted in the lowest (Figures 5, 6). Application of 300 kg DE ha-1 and 4 mL SA L-1 produced comparable results.




Figure 5 | Effect of different sources of Si on CCSi and AASi content in post harvest soils of aerobic rice. (Capped bars at the surface of vertical bars represents the standard deviation, n = 4. Means ±SD with different letters in the same column indicate significant differences among the treatments tested (Tukey, p < 0.05). DE, Diatomaceous Earth; SA, Silicic Acid; RHB, Rice Husk Biochar; CCSi, 0.01 M Calcuim chloride extractable Si; AASI, 0.5 M Acetic acid extractable Si).






Figure 6 | Effect of different sources of Si on ASi con tent in post harvest soils of aerobic rice. (Capped bars at the surface of vertical bars represents the standard deviation, n = 4. Means ±SD with different letters in the same column indicate significant differences among the treatments tested (Tukey, p≤ 0.05). DE, Diatomaceous Earth; SA, Silicic Acid; RHB, Rice Husk Biochar; ASi, Amorphous Si).






3.5 Redundancy analysis

In this study, we conducted a redundancy analysis to explore the relationships between phytolith and PhytOC content in plants and readily available soil Si pools and soil properties, and how those relationships are affected by different Si sources. Plant parameters (phytolith, C content in phytolith and PhytOC) were considered response variables. Whereas, soil parameters (pH, EC, OC, available N, P, K, CCSi, AASi, and ASi) were explanatory variables. RDA is the multivariate (meaning multi-response) technique analogue of regression. The technique employs a combination of linear regression and principal component analysis (PCA). A PCA analysis was performed on the response variables to generate a set of principal component vectors for the RDA analysis. RDA uses a mix of linear regression and principal component analysis (PCA). To conduct the RDA analysis, a PCA analysis was performed on the response variables to get a set of principal component vectors. Response variables were quantified using principal component analysis and classified as strong, moderate, or weak based on loading values greater than 0.75. Two factors (Principal Components, PC) were extracted that explained 87.3% of the total observed variation in plant phytolith and PhytOC content Eigenvalues greater than 1.0. (Table 3). PC1 explains 62.4% of the variance and was correlated (Factor loading > 0.75) with the phytolith content in the leaf, straw, husk and grain (Table 3, Figure 7). PC2 explains the 24.9% variance with the strong loading of the C content and PhytOC content in the leaf, straw, husk, and grain. RDA1 and RDA2 total explained proportions were 58.03 and 10.99%, respectively (Figure 8). The model’s significance was determined using Monte Carlo permutation tests (999 permutations). The RDA revealed that the concentrations of OC (F = 5.26, p = 0.06), available N (F = 12.36, p = 0.004***), available K (F = 6.91, p = 0.02*), CCSi (F = 8.16, p = 0.01*), and ASi (F = 44.96, p = 0.001***) were the most important factors influencing the phytolith and PhytOC parameters, as evidenced by significant correlations (Table 4).




Figure 7 | Principal component analysis (PCA) of plant phytolith and phytOC parameter of different rice organs in response to different sources of Si. (DE, Diatomaceous Earth; SA, Silicic Acid; RHB, Rice Husk Biochar; LP, Leaf phytolith; SP, Straw phytolith; HP, Husk phytolith; GP, grain phytolith; CLP, carbon content in leaf phytolith, CSP, carbon content in straw phytolith; CHP, carbon content in husk phytolith; CGP, carbon content in grain phytolith; LPC, leaf phytOC; SPC, straw phytOC; HPC, husk phytOC; GPC, grain phytOC).






Figure 8 | Redundancy analysis (RDA) of physicochemical properties of soil in response to different sources of Si (DE, Diatomaceous Earth; SA, Silicic Acid; RHB, Rice Husk Biochar; OC, Soil Organic Carbon; Avail N, Available Nitrogen; Avail P2O5, Available Phosphorus; Avail K2O, Available Potassium; CCSi, 0.01 M CaCl2 extractable Si; AASi, 0.5 M Acetic Acid extractable Si and ASi - Amorphous SILP, Leaf phytolith; SP, Straw phytolith; HP, Husk phytolith; GP, grain phytolith; CLP, carbon content in leaf phytolith; CSP, carbon content in straw phytolith; CHP, carbon content in husk phytolith; CGP, carbon content in grain phytolith; LPC, leaf phytOC; SPC, straw phytOC; HPC, husk phytOC; GPC, grain phytOC).




Table 3 | Rotated component matrix of plant phytolith, C content in phytolith and PhytOC content in different rice organs.




Table 4 | Monte Carlo permutation tests (999 permutations) of the effect of physicochemical properties of soil on plant phytolith, C content in phytolith and PhytOC content.







4 Discussion



4.1 Plant phytolith and PhytOC content

In our study, the phytolith content, C content in phytolith and PhytOC content in different rice organs increased with the application of different sources of Si (Figures 2–4). Variation in silica deposition in different rice parts is caused by passive transport i.e., organs with higher transpiration rates accumulate more Si (Kumar et al., 2017). On the other hand, Yamaji et al. (2015) found that despite having a lower transpiration rate, the rice husk accumulated more silica due to the presence of two developed vascular bundles below the panicle. The higher Si flow in the husk gives the hard outer coating of grain which protects grain during development. Our findings are consistent with the findings of Gallo et al. (1974), who studied rice, oat, rye, and wheat and reported that the seed coat accumulates the most silica and the grain accumulates the least. A significant positive correlation among phytolith, C content in phytolith and PhytOC have been reported by various researchers (Anjum and Prakash, 2021; Rehman et al., 2023). PhytOC content in plants depends on the phytolith content and the C encapsulation potential of the phytolith during the formation (Anjum and Prakash, 2021). Among the different sources of Si, biochar performed better because plant-derived phytoliths are concentrated in biochar (Li et al., 2020b). Pyrolysis of Si-rich crop residue enhances solubility of phytoliths and their ability to release PASi (Li et al., 2020b), Si uptake and crop biomass (Li et al., 2019b; Li et al., 2019c). Increased PASi with Si fertilizer and biochar application indirectly increased leaf C content in phytolith, improving PhytOC accumulation of Moso bamboo, particularly in treatment receiving biochar (Huang et al., 2020). Guo et al. (2015) found that basaltic powder (BP) increased the phytolith and PhytOC due to increased rice silicon uptake, which accelerated the chemical weathering of primary silicate minerals in basalt and thus the release of dissolved silicon. Li et al. (2020a) found that applying Si-P fertilizer in Si-deficient soils has no discernible effect on phytoliths and phytOC. Sun et al. (2019) conducted a pot experiment in Si-enriched and Si-deficient soils and reported that slag-based Si fertilizer increased phytolith and PhytOC concentration under both conditions. Thus, the external supply of Si through fertilizer and biochar has an impact on phytolith accumulation and PhytOC concentration.




4.2 Changes in physicochemical properties of soil

Application of RHB and Si fertilizers had no significant effect on soil pH and EC over control (RDF) (Table 3). Although there was an increase in the soil pH compared to initial values, EC had no definite trend. The initial pH of the experimental soil in the year 2015 was 7.10 but due to continuous monocropping, the pH of the experimental field has increased to 8.2. Xiang et al. (2009) reported that an increase in soil pH from 6.4 to 7.1 after 12 seasons of aerobic cultivation as the soil reduction-driven moderation or amelioration in soil pH observed in submerged rice soils is not observed in aerobic soils. Similar results with the application of DE (Sandhya and Prakash, 2018), calcium silicate, rice, hull and rice hull ash (Sandhya and Prakash, 2017) and biochar (Wu et al., 2021) have been reported in neutral or alkaline soil. There was a significant increase in the SOC content in the treatment receiving 4 t RHB ha-1 over control by ~ 29% (Table 3). Improvement in available nitrogen (N), phosphorus (P) and potassium (K) was found with the application of different sources of Si (Table 3). Similar results were reported by Sandhya and Prakash (2017). Increase in available N status in soil caused by N and Si fertilization could be attributed to high adsorption capacity of Si and increased microbial activity, which accelerated the mineralization process during the crop growth period, resulting in a high N accumulation in Si-treated soils. Similarly, Yogendra et al. (2017) found that using CaSiO3 increased N-use efficiency in aerobic rice. In the current investigation, treatment receiving biochar increased SOC significantly, but available N did not follow the same trend, which could be attributed to a high C: N ratio in crop residue-derived biochar (RHB). Similar results were reported by Han et al. (2020) where biochar amendment led to a significant decrease in dissolved organic nitrogen (DON) concentration in both low-fertility and high-fertility soil. Also, slight decrease in the available N several folds from initial year of experiment 2015 (340.80 kg ha-1 to summer 2019 (145 to 180 kg ha-1). Because of higher nitrogen losses in form of nitrous oxide (N2O), through coupled nitrification-denitrification processes. Improvement in the available phosphorus (P) with the application of Si over control can directly increase the available P by reducing Fe-P retention capacity under higher PASi which converts slightly soluble phosphate into plant-available forms (Schaller et al., 2019). Increase in available K2O content of the soil with the application of Si could be due to the utilization of native K2O with increasing levels of silicon which resulted in the building up of higher soil K2O status. The increased available K with Si application could be ascribed to the alterations in crystal structures of clay lattices which might have been related to a reduction in K fixation thus releasing potassium. The application of biochar significantly increased the available K2O due to a large amount of K absorbed on the surface of biochar are bioavailable and increased activity of K-dissolving bacteria (Xia et al., 2022). The contents of available P and K were increased during the cultivation process (from the year 2015-2019). This was likely due to fertilizer addition during all cultivation seasons. Together, these results suggest that application of Si fertilizer and RHB improves the soil physicochemical properties.




4.3 Changes in readily soluble Si pools

Addition of phytolith-rich biochars in cultivated soils promotes the release of PASi in the soil-plant system (Li and Delvaux, 2019a), therefore, RHB application resulted in higher CCSi and AASi (Figure 5). The application of the biochar produced at a lower pyrolytic temperature (700°C) phytolith exposure is more, as a result, higher dissolution of phytolith (Xiao et al., 2014; Li and Delvaux, 2019a). According to the Si dissolution kinetics, high Si biochar could be a novel slow-release source of biologically available Si in low Si agricultural soils (Xiao et al., 2014). The increased available Si was anticipated with the application of DE as the added DE might have contributed to the release of soluble Si (Sandhya and Prakash, 2018; Sandhya and Prakash, 2019).

The ASi content in this study was analyzed as per Majumdar and Prakash (2020b), which was optimized for the estimation of ASi content in tropical soils. In this study, the soil samples were analyzed in duplicate for each treatment per replication for 3 to 6 h. A regression model was prepared from 3 to 6 h has significant variables and produces a higher value of the coefficient of determination (R2) (Table S1). ASi content in this study ranged from 2.36 to 5.21 g kg-1 (Figure 6), which was found to be consistent with the previous studies (Guntzer et al., 2012; Nguyen et al., 2019; Majumdar and Prakash, 2020a). Because of the presence of abundant phytolith, the treatment receiving RHB had an empirically higher ASi content. Li et al. (2019c) and Li et al. (2020b) found that using Si (+) biochar resulted in a higher ASi in comparison with Si (-) biochar and wollastonite. Similarly, Majumdar and Prakash (2020b) reported a higher ASi content in the sugarcane soil profile than the rice soil due to the incorporation of burnt sugarcane trash into the soil during harvesting. ASi content in the control (RDF) was lower due to the continuous removal of rice straw from the field. Because, rice cultivation intensifies desilication as rice straw contains 86% of Si taken up by rice plants (Anjum and Prakash, 2021). Dissolution rate of ASi is several orders of magnitude higher than those of kaolinite or plagioclase at near-neutral pH (Riotte et al., 2017). Si isotopic signatures study conducted by Riotte et al. (2017) confirmed that the ASi plays an important source of Si in rice. Guntzer et al. (2012) reported that the soil ASi pool (0.5 mg g-1 to 4.3 mg g-1) in Broadbalk, Rothamsted (England) depleted with the export of wheat straw from 1883 to 1944, particularly in surface soil. Desplanques et al. (2006) estimated that irrigation waters bring more than one-third of the Si needed for rice. They conducted solute mass balance study in the rice field of Camargue (France) where DSi in irrigation water was low and rice straw was removed from the field. They hypothesized that ASi being the only source of dissolved silicon, will be exhausted in 5 years. Since our experiment was a 5-year-old intensive rice experiment plot (10 seasons) converted to the aerobic rice experiment for the past 2 years (4 seasons) the risk of ASi depletion in the soil is very high.




4.4 Plant phytolith, C content in phytolith, and PhytOC content in rice in relation to soil properties

PCA data showed that the plant phytolith and PhytOC parameters under investigation were divided into four major groups (Figure 7). According to the ordination of variables in the PCA diagram, variables in control (RDF) appeared to not correlate with phytolith and PhytOC content, whereas the external Si application appeared to have a positive correlation. Among the treatments, the phytolith and PhytOC parameters of the treatment receiving 300 kg DE ha-1 and 4 mL SA L-1 clustered together. In this study, the application of biochar increased the plant phytolith and PhytOC content over other Si fertilizer treatments. Whereas, Huang et al. (2020) found that biochar had no effect on PhytOC content in the Moso bamboo plantation but did influence leaf phytolith formation. Several studies have previously found that biochar improves phytolith concentration (Si uptake) in cotton (Li et al., 2018), wheat (Li et al., 2019c) and rice (Wang et al., 2019). However, the impact was caused by variations in vegetation type, source and rate of biochar and PASi (Li and Delvaux, 2019a; Wang et al., 2019).

Monte Carlo permutation tests revealed significant relationships between the concentrations of plant phytolith and PhytOC as well as SOC, available N, available K2O, CCSi and ASi indicating close association with each other (Table 4). Figure 8 shows that the RDA ordination of variables revealed that the samples of treatments receiving 4 t RHB ha-1 have a stronger relationship with the CCSi and ASi. Huang et al. (2020) found that PASi concentration was positively correlated with plant phytolith parameters (F = 8.1, P = 0.001), particularly in Si fertilizer-amended soil subtropical bamboo in China. Tan et al. (2021) reported that soil nutrient availability significantly influenced the spatial variability of phytoliths and PhytOC concentration in rice. Since Si is the most abundant element in phytoliths, and PASi in soil has a strong correlation with straw phytolith concentration, soil nutrient availability may influence phytolith concentration by affecting plant-available Si concentration. There was a significant correlation among the SOC, phytolith and PhytOC content in different organs of rice. Similarly, Yang et al. (2020) reported a significant positive correlation between CCSi and ASi (soil phytolith) when phytolith-rich rice residue was applied. This could be due to the accumulation of soil organic matter, which when mineralized, releases phytoliths. As a result, SOC may affect the phytolith concentration by influencing soil Si availability. Contrary to our findings, Tan et al. (2021) and Ji et al. (2019) reported that SOC decreased with the increasing level of Si input. According to some studies, soil silica availability is significantly positively correlated with soil pH (Schaller et al., 2019; Majumdar and Prakash, 2021). As a result, soil pH may have a positive correlation with phytolith concentration, which is consistent with our findings. N, P, K, Si fertilization and biochar addition not only increase biomass production but also increase phytolith production and PhytOC sequestration (Song et al., 2017). This study on the effect of different Si sources (DE, SA and RHB) in rice is the first field study and a step forward from previous laboratory experiments (Guo et al., 2015; Sun et al., 2019; Li et al., 2020a). It has been previously reported that the phytolith and C content in the phytolith influences the plant PhytOC (Sun et al., 2019; Li et al., 2020a; Anjum and Prakash, 2021). The addition of different Si sources (Si fertilizers and RHB) significantly impacts the former, with increased soil CCSi and ASi as a result of Si fertilizer and RHB application.





5 Conclusions

This is the first study to assess the phytolith and PhytOC production in the intensively cultivated rice ecosystem as it is influenced by different Si sources. In response to our objective, we can conclude that continuous application of Si fertilizers and RHB significantly (i) increased the phytolith and PhytOC content, (ii) improved soil physicochemical properties, (iii) increased the readily soluble Si pools (CCSi, AASi, and ASi). However, the effect was more pronounced in treatment receiving RHB. Phytolith and PhytOC production is closely associated with the soil physicochemical properties and readily available Si pools. Crop management practices (straw management, N, P, K, and Si fertilizers and amendments) alter soil physicochemical properties, influencing phytolith and PhytOC accumulation in plants. The importance of Si fertilizers in sustaining crop productivity in rice-rice cropping systems and coupled Si and C cycles was demonstrated in this study. It also emphasizes the significance of the continuous application of phytolith-rich biochars like RHB as a cost-effective and sustainable alternative to increasing phytolith and PhytOC production in the rice ecosystem.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

MA and NP conceived the idea and collected the relevant literature. MA visualized the figures. MA and NP helped in writing the original draft. All authors carefully read, revised, and approved the article for submission.




Acknowledgments

The authors acknowledge the research facilities provided by the Plant Nutrition Laboratory, Department of Soil Science and Agricultural Chemistry, University of Agricultural Sciences, Bangalore.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1146416/full#supplementary-material




References

 Anjum, M., and Prakash, N. B. (2021). Assessing production of phytolith and phytolith occluded carbon in above-ground biomass of intensively cultivated rice ecosystems in India. Carbon Manage. 12 (5), 509–519. doi: 10.1080/17583004.2021.1978552

 Anjum, M., and Prakash, N. B. (2022). Effect of different sources of silicon on the growth, yield and si uptake in aerobic rice. Int. J. Pl. Soil Sci. 34 (15), 106–115. doi: 10.9734/ijpss/2022/v34i1531014

 Desplanques, V., Cary, L., Mouret, J. C., Trolard, F., Bourrie, G., Grauby, O., et al (2006). Silicon transfers in a rice field in Camargue (France). J. Geochem. Explor. 88, 190–193.

 Food and Agriculture Organization of the United Nations (FAO) Statistics (2020).

 Fraysse, F., Pokrovsky, O. S., Schott, J., and Meunier, J. D. (2009). Surface chemistry and reactivity of plant phytoliths in aqueous solutions. Chem. Geol. 258, 197–210.

 Gallo, J. R., Furlani, P. R., Bataglia, O. C., and Hiroce, R. (1974). Silicon content in grass and forage crops. Ciencia Cultura 26, 282–293.

 Guntzer, F., Keller, C., Poulton, P. R., Mcgrath, S. P., and Meunier, J. D. (2012). Long-term removal of wheat straw decreases soil amorphous silica at Broadbalk, Rothamsted. Plant Soil 352, 173–184. doi: 10.1007/s11104-011-0987-4

 Guo, F., Song, Z., Sullivan, L., Wang, H., Liu, X., Wang, X., et al. (2015). Enhancing phytolith carbon sequestration in rice ecosystems through basalt powder amendment. Sci. Bull. 60, 591–597. doi: 10.1007/s11434-015-0729-8

 Han, L., Sun, K., Yang, Y., Xia, X., Li, F., Yang, Z., et al. (2020). Biochar’s stability and effect on the content, composition and turnover of soil organic carbon. Geoderma 364, 114184. doi: 10.1016/j.geoderma.2020.114184

 Haysom, M. B. C., and Chapman, L. S. (1975). Some aspects of the calcium silicate trial at Mackay. Sugarcane Technol. 42, 117–122.

 Huang, Z. T., Chang, P. K., Zhang, S. X., and Ying, Y. Q. (2014). Production of carbon occluded in phytolith is season-Dependent in a bamboo forest in subtropical China. Plos One 9 (7) , e106843.

 Huang, C., Wang, L., Gong, X., Huang, Z., Zhou, M., Li, J., et al. (2020). Silicon fertilizer and biochar effects on plant and soil PhytOC concentration and soil PhytOC stability and fractionation in subtropical bamboo plantations. Sci. Total Environ. 715, 136846. doi: 10.1016/j.scitotenv.2020.136846

 Jackson, M. L. (1973). Soil Chemical Analysis (New Delhi: Prentice Hall of India (Pvt.) Ltd.).

 Ji, H., Qia, Z., Zhuang, S., and Zhong, Z. (2019). effects of silicon fertilization on soil chemical properties and phytolith formation of Phyllostachys pubescens. Res. Ecol. 1 (1), 8–16. doi: 10.30564/re.v1i2.872

 Korndorfer, G. H., Snyder, G. H., Ulloa, M., and Datnoff, L. E. (2001). Calibration of soil and plant silicon for rice production. J. Plant Nutr. 24 (7) , 1071–1084.

 Kumar, S., Soukup, M., and Elbaum, R. (2017). Silicification in Grasses: Variation between different cell types. Front. Plant Sci. 8, 438. doi: 10.3389/fpls.2017.00438

 Li, Z., Cornelis, J. T., Linden, C. V., Van Ranst, E., and Delvaux, B. (2020b). Neoformed aluminosilicate and phytogenic silica are competitive sinks in the silicon soil-plant cycle. Geoderma 368, 114308. doi: 10.1016/j.geoderma.2020.114308

 Li, Z., and Delvaux, B. (2019a). Phytolith-rich biochar: A potential Si fertilizer in desilicated soils. GCB Bioenergy 11, 1264–1282. doi: 10.1111/gcbb.12635

 Li, Z., Delvaux, B., Yans, J., Dufour, N., Houben, D., and Cornelis, J. T. (2018). Phytolith-rich biochar increases cotton biomass and silicon- mineralomass in a highly weathered soil. J. Plant Nutr. Soil Sci. 181, 537–546. doi: 10.1002/jpln.201800031

 Li, Z., Guo, F., Cornelis, J., T,, Song, Z., Wang, X., et al. (2020a). Combined silicon- phosphorus fertilization affects the biomass and phytolith stock of rice plants. Front. Plant Sci. 11, 67. doi: 10.3389/fpls.2020.00067

 Li, Z., Song, Z., Singh, B. P., and Wang, H. (2019b). The impact of crop residue biochars on silicon and nutrient cycles in croplands. Sci. Total Environ. 659, 673–680. doi: 10.1016/j.scitotenv.2018.12.381

 Li, Z., Unzue-Belmonte, D., Cornelis, J. T., Linden, C. V., Struyf, E., and Ronsse, F. (2019c). Effects of phytolithic rice-straw biochar, soil buffering capacity and pH on silicon bioavailability. Plant Soil 438, 187–203. doi: 10.1007/s11104-019-04013-0

 Liu, L., Chang, S. X., Huang, C., Zhi, Y., Jie, Y., Yu, X., et al. (2023). Enhancement of phytolith-occluded carbon accumulation of Moso bamboo response to temperatures elevation and different fertilization. Front. Plant Sci. 14, 1144961. doi: 10.3389/fpls.2023.1144961

 Liu, X., Zhang, A., Ji, C., Bian, S., Li, R., Pan, L., et al (2013). Biochar’s effect on crop productivity and the dependence on experimental conditions a meta-analysis of literature data. Plant Soil 373 , 583–594.

 Majumdar, S., and Prakash, N. B. (2020a). An overview on the potential of silicon in promoting defence against biotic and abiotic stresses in sugarcane. J. Soil Sci. Pl Nutr. 20, 1969–1998. doi: 10.1007/s42729-020-00269-z

 Majumdar, S., and Prakash, N. B. (2020b). Quantification of amorphous silicon by optimizing the 1% Na2CO3 method from intensively cultivated rice and sugarcane soils in a tropical climate. Silicon 12, 2989–3003. doi: 10.1007/s12633-020-00389-2

 Majumdar, S., and Prakash, N. B. (2021). Relationship of properties of rice and sugarcane soils and plant available silicon in Karnataka, South India. Silicon 14, 5647–5660. doi: 10.1007/s12633-021-01350-7

 Mandlik, R., Thakral, V., Raturi, G., Shinde, S., Nikolić, M., Tripathi, D. K., et al. (2020). Significance of silicon uptake, transport and deposition in plants. J. Experim. Bot. 71 (21), 6703–6718. doi: 10.1093/jxb/eraa301

 Maurya, Y., Pradhan, Z., Seema, X., and Ghosh, H. (2021). Evaluation of ground water quality and health risk assessment due to nitrate and fluoride in the Middle Indo-Gangetic plains of India. Human Ecol. Risk Assess. Intern. J. 27 (5), 1349–1365.

 Meunier, J. D., Sandhya, K., Prakash, N. B., Borschneck, D., and Dussouillez, P. (2018). pH as a proxy for estimating plant-available Si? A case study in rice fields in Karnataka (South India). Plant Soil 432, 143–155. doi: 10.1007/s11104-018-3758-7

 Narayanaswamy, C., and Prakash, N. B. (2009). Calibration and categorization of plant available silicon in rice soils of South India. J. Plant Nutr. 32, 1237–1254. doi: 10.1080/01904160903005970

 Nguyen, M. N., Dultz, S., Meharg, A., Pham, Q. V., Hoang, A. N., Dam, T. T. N., et al. (2019). Phytolith content in Vietnamese paddy soils in relation to soil properties. Geoderma 333, 200–213. doi: 10.1016/j.geoderma.2018.07.027

 Olsen, (1954). Determination of total organic and available forms of phosphorus in soils. Soil Sci. 59, 39–45.

 Rehman, I. U., Malik, M. A., Rashid, I., Sheergojri, I. A., and Dar, R. A. (2023). Silicon fertilization increases carbon sequestration by augmenting phytOC production in wheat. J. Soil Sci. Plant Nutr. 23, 1149–1155. doi: 10.1007/s42729-022-01110-5

 Riotte, J., Sandhya, K., Prakash, N. B., Audry, S., Zambardi, T., and Chmeleff, J. (2017). Origin of silica in rice plants and contribution of diatom earth fertilization: Insights from isotopic Si mass balance in a paddy field. Plant Soil 423, 481–501. doi: 10.1007/s11104-017-3535-z

 Sandhya, T. S., and Prakash, N. B. (2017). Evaluation of calcium silicate, rice hull and rice hull ash as silicon sources in wetland rice in acidic and alkaline soils. J. Indian Soc Soil Sci. 65 (4), 428–434. doi: 10.5958/0974-0228.2017.00050.0

 Sandhya, K., and Prakash, N. B. (2018). Diatomaceous earth as source of silicon on the growth and yield of rice in contrasted soils of southern India. J. Soil Sci. Plant Nutr. 18, 344–360. doi: 10.4067/S0718-95162018005001201

 Sandhya, Z. T., and Prakash, P. K. (2019). Bioavailability of Silicon from Different Sources and Its Effect on the Yield of Rice in Acidic, Neutral, and Alkaline soils of Karnataka, South India, Commun. Soil Sci. Pl. Anal. 50 (3) , 296–306.

 Schaller, J., Faucherre, S., Joss, H., Obst, M., Goeckede, M., Planer-Friedrich, B., et al. (2019). Silicon increases the phosphorus availability of Arctic soils. Sci. Rep. 9, 449. doi: 10.1038/s41598-018-37104-6

 Shetty, R., and Prakash, N. B. (2020). Effect of different biochars on acid soil and growth parameters of rice plants under aluminium toxicity. Sci. Rep. 10, 12249. doi: 10.1038/s41598-020-69262-x

 ShwethaKumari, U., Pallavi, T., and Prakash, N. B. (2021). Influence of foliar silicic acid application on soybean (Glycine max L.) varieties grown across two distinct rainfall years. Plants 10, 1162. doi: 10.3390/plants10061162

 Song, A., Ning, D., Fan, F., Haojun, L., Provance-Bowley, M., and Yongchao, L. (2015). The potential for carbon bio-sequestration in China’s paddy rice (Oryza sativa L.) as impacted by slag-based silicate fertilizer. Sci. Rep. 5, 17354.

 Song, Z., Liu, H., Strömberg, C. A., Yang, X., and Zhang, X. (2017). Phytolith carbon sequestration in global terrestrial biomes. Sci. Total Environ. 603 , 502–509.

 Subbiah, B. V., and Asija, G. L. (1956). A rapid procedure for the determination of available nitrogen in soils. Curr. Sci. 25, 259–260.

 Sun, X., Liu, Q., Tang, T., Chen, X., and Luo, X. (2019). Silicon fertilizer application promotes phytolith accumulation in rice plants. Front. Plant Sci. 10, 425. doi: 10.3389/fpls.2019.00425

 Tan, L., Fan, X., Yan, G., Peng, M., Zhang, N., Ye, M., et al. (2021). Sequestration potential of phytolith occluded carbon in China's paddy rice (Oryza sativa L.) systems. Sci. Total Environ. 774, 145696. doi: 10.1016/j.scitotenv.2021.145696

 Walkley, A. J., and Black, C. A. (1934). An examination method for determination soil organic matter and a proposed modification of the chromic acid titration method. Soil Sci. 37, 29–38. doi: 10.1097/00010694-193401000-00003

 Wang, Y., Xiao, X., Zhang, K., and Chen, B. (2019). Effects of biochar amendment on the soil silicon cycle in a soil-rice ecosystem. Environ. pollut. 248, 823–833. doi: 10.1016/j.envpol.2019.02.072

 Wu, L., Zheng, H., and Wang, X. (2021). Effects of soil amendments on fractions and stability of soil organic matter in saline-alkaline paddy. J. Environ. Manage. 294, 112993. doi: 10.1016/j.jenvman.2021.112993

 Xia, H., Liu, B., Riaz, M., Li, Y., Wang, X., Wang, J., et al. (2022). 30-month pot experiment: biochar alters soil potassium forms, soil properties and soil fungal diversity and composition in acidic soil of Southern China. Plants 11, 3442. doi: 10.3390/plants11243442

 Xiang, J., Haden, V. R., Peng, S., Bouman, B. A. M., Visperas, R. M., and Nie, L. (2009). Improvement in nitrogen availability, nitrogen uptake and growth of aerobic rice following soil acidification. Soil Sci. Plant Nutr. 55, 705–714. doi: 10.1111/j.1747-0765.2009.00407.x

 Xiao, X., Chen, B., and Zhu, L. (2014). Transformation, morphology, and dissolution of silicon and carbon in rice straw-derived biochars under different pyrolytic temperatures. Environ. Sci. Tech. 48, 3411–3419. doi: 10.1021/es405676h

 Yamaji, N., Sakurai, G., Mitani-Ueno, N., and Ma, J. F. (2015). Orchestration of three transporters and distinct vascular structures in node for intervascular transfer of silicon in rice. Proc. Natl. Acad. Sci. U.S.A. 112, 11401–11406. doi: 10.1073/pnas.1508987112

 Yang, J., Li, Y., Huang, Z., Jiang, P., Xiang, T. T., and Ying, Y. Q. (2014). Determination of phytolith occluded carbon (PhytOC) content using alkali dissolution spectrophotometry. Chinese. J. Anal. Chem. 42, 1389–1390.

 Yang, X., Song, Z., Qin, Z., Wu, L., Yin, L., and Van Zwieten, L. (2020). Phytolith-rich straw application and groundwater table management over 36 years affect the soil-plant silicon cycle of a paddy field. Plant Soil 454, 343–358. doi: 10.1007/s11104-020-04656-4

 Yogendra, N. D., Kumara, B. H., Chandrashekar, N., Prakash, N. B., Anantha, M. S., and Shashidhar, H. E. (2017). Real-time nitrogen management in aerobic rice by adopting leaf color chart (LCC) as influenced by silicon. J. Plant Nutr. 40, 1277–1286. doi: 10.1080/01904167.2016.1263333

 Zhao, Y., Song, Z., Xu, X., Liu, H., Wu, X., and Li, Z. (2016). Nitrogen application increases phytolith carbon sequestration in degraded grasslands of North China. Ecol. Res. 31 (1), 117–123.




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Anjum and Prakash. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-14-1146416-g007.jpg
PCA - Biplot

10 -

T1:RDF alone

T2:RDF + 300 kg DE ha'!

T3: RDF + 4 mL SA L!

T4: RDF + 4 t RHB ha!

a0

o

-0

(53.1%)

Dirm





OEBPS/Images/fpls-14-1146416-g002.jpg
Phytolith (%)

[y
o]

[y
(¥, ]

[
N

(-}

[=))]

RDF alone

M Leaf

W Straw " Husk m Grain

RDF + 300 kg DEha™ RDF+4mLSAL™

RDF + 4t RHB ha™





OEBPS/Images/M2.jpg
FIRYFOR COnREnt OF AX: SR
C content in phytoliths = 100

KO IOI CORtELX





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Production of phytolith and PhytOC and distribution of extractable Si Pools in aerobic rice as influenced by different Si sources

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Experimental site and soil

          



          		

            2.2 Cropping system and management

          



          		

            2.3 Plant sampling and analysis

          

            		

              2.3.1 Plant phytolith and PhytOC analysis

            



            		

              2.3.2 Calculation

            



          



          



          		

            2.4 Physicochemical analysis of soil sample

          



          		

            2.5 Extraction and estimation of readily soluble Si pools

          

            		

              2.5.1 0.01 M CaCl2 extractable Si

            



            		

              2.5.2 0.5 M acetic acid extractable Si

            



            		

              2.5.3 Amorphous Si

            



          



          



          		

            2.6 Calculations and statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Effect of different Si sources on phytolith content

          



          		

            3.2 Effect of different Si sources on C content in phytolith and PhytOC content

          



          		

            3.3 Effect of different Si sources on physicochemical properties of soil

          



          		

            3.4 Effect of different Si sources on readily soluble Si pools

          



          		

            3.5 Redundancy analysis

          



        



        



        		

          4 Discussion

        

          		

            4.1 Plant phytolith and PhytOC content

          



          		

            4.2 Changes in physicochemical properties of soil

          



          		

            4.3 Changes in readily soluble Si pools

          



          		

            4.4 Plant phytolith, C content in phytolith, and PhytOC content in rice in relation to soil properties

          



        



        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1146416-g003.jpg
e
\n

C content in Phytolith (%)
= =Y N
o wn o

o
n

S
o

RDF alone

M leaf mWStraw " Husk M Grain

A

RDF + 300 kg DE ha™

A

RDF+4mLSAL™

RDF + 4t RHB ha™





OEBPS/Images/table2.jpg
Treatments Available N Available P,05 Available K,0

——————— (kg ha)
T,:RDF alone 821£0.03A 0.26:0.07A 527+0.66B 145.60£7.92C 190.2428.79C 381.33£10.48B
T,:RDF + DE @ 300 kg ha™* 8.260.04A 0.35£004A 6.19:0.32AB 198.80+5.60A 276.10£14.79A 398.06+9.19AB
T, RDF + SA @ 4 mLL" 824+0.09A 0.26£0.04A 6.67£035A 19320+3.23AB 22146412938 413.11£15.00A
T,: RDF + RHB @ 4 t ha™" 8.27:0.10A 025£0.024 6.79:0.63A 180.6029.56B 266.16:1197A 414.03£1027A
S.Em: 0.04 0.03 0.25 3.50 6.16 5.75
C.D.@5% NS NS 0.80 10.90 19.18 17.84
. (%) 092 16.10 8.26 3.90 7 5.16 7 2.85

+Values indicated standard deviation Means +SD with different letters in the same column indicate significant differences among the treatments tested (Tukey, p < 0.05).
DE, diatomaceous earth; SA, silicic acid; RHB, rice husk biochar.
For non-significant (NS) data Critical difference (CD) value is not calculated. It is reported as NS.





OEBPS/Images/fpls-14-1146416-g005.jpg
(mg kg™)

180

160

140

120

100

80

60

40

20

T1:RDF alone

Ad1 EmCCS1

T2:RDF + 300 k¢ DE ha™! T3: RDF+4 mL SA L™

T4: RDF+ 4t RHB ha™?





OEBPS/Images/table4.jpg
Parameter model R2 P
pH 526 0040 006
EC ‘ -0.26 -0.001 -1.00
oc 8.16 0062 001*
Avail. N 1236 0.094 0.004**
Avail. P,05 074 0.006 048
Avail. K,0 691 0053 0.02*
CCSi 4320 0330 0001 **
AASi 3.56 0027 007
Asi 4497 034351 0001 **

*** Significant at <0.001; ** Significant at p <0.01; * Significant at p<0.05.





OEBPS/Images/table3.jpg
Variables Components

Lp 0.942 0.130
Sp 0.754 0.376
HP 0.925 0.106
GP 0.945 0.171
HPC 0.170 0.931
SPC 0431 0.839
LPC -0.013 0.837
GPC 0.023 ‘ 0.974
CHP 0.228 0.880
Ccsp 0.107 0.932
cLp -0.181 0.849
CGP -0.127 0.940

Extraction Method: Principal Component Analysis

Rotation Method: Varimax with Kaiser Normalization.

LP, Leaf phytolith; SP, Straw phytolith; HP, Husk phytolith; GP, grain phytolith ; CLP, carbon content in leaf phytolith; CSP, carbon content in straw phytolith; CHP, carbon content in husk
phytolith; CGP, carbon content in grain phytolith; LPC, leaf PhytOC; SPC, straw PhytOC; HPC, husk PhytOC; GPC, grain PhytOC.





OEBPS/Images/fpls.2023.1146416_cover.jpg
& frontiers | Frontiers in Plant science

Production of phytolith and PhytOC and
distribution of extractable Si Pools in
aerobic rice as influenced by different Si
sources





OEBPS/Images/fpls-14-1146416-g001.jpg





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1146416-g004.jpg
0.48

0.42

PhytOC (%)
(=]
[ )
FS

0.06

0.00

RDF alone

W lLeal mStraw [ Husk ® Grain

RDF+ 300 kg DE ha' RDF+ 4 mL SAL™!

RDF+4tRHB ha™!





OEBPS/Images/M1.jpg
C content in phytoliths (%) = (Graph ppm + volume made)
/weight of phytolith + 10000





OEBPS/Images/fpls-14-1146416-g008.jpg
ROA 2 (1099%|

o251 E
- E HP =
: -
- -
- :
CLP 5 P =
B =] s 7 i L e v S e MM e e S o i TR TN T 7 G o S ppmiw M ® i R DR m e m SE SR nimoede n S r IS 7 S om 0% o mOS TS R amnomm o
RS = o P
i LPC - o
o g ASi
/ 5
P : he
-0.25 - . H
DH/// é @ T1:RDF al
T A Al . alone
E E  T2:RDF+300 kg DE ha'
: O T3: RDF + 4 mL SA L1
-0.50 :
i &£ T4: RDF +4 t RHB ha!
TAvaill K E
A
- ccsi
-0.75 ;
-0_4a -0.2 o o2 o4

RDA 1 (52 .049%)






OEBPS/Images/table1.jpg
Properties DE RHB

PH (1:2.5 water) 921 7.39
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Cation exchange capacity (C mol (p*) kg™) 52.00 38.63

Macronutrients (%) ‘
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ALO; 1530 nd
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DE, Diatomite; RHB, Rice hush biochars; n.d, not determine.
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