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Abstract 
Phytoliths are microscopic silica bodies formed within plant tissues and deposited in intercellular and intracellular 
spaces, contributing to long-term soil fertility and carbon sequestration. However, the effects of different silicon 
fertilizer sources on phytolith accumulation and morphology in rice remain unclear. Therefore, this study aimed to 
compare monosilicic acid and sodium metasilicate in terms of their effects on phytolith accumulation, physiological 
responses, phytolith morphology, and soil phytolith composition in RD43 rice. Sodium metasilicate application 
increased shoot phytolith content and chlorophyll b concentration. It also significantly enhanced the electron 
transport rate (ETR), tiller number, and root length. A total of 15 phytolith morphotypes were identified across 
fertilized and unfertilized treatments. Bilobate was the most common phytolith type in both roots and shoots. 
Bulliform flabellate and spheroidal psilate were observed only in the shoots of rice treated with sodium metasilicate. 
Four silica-containing mineral phases—quartz, alum, halloysite, and kaolinite–montmorillonite—were identified 
in the soil phytolith fractions. Quartz and alum were more abundant in the soil treated with sodium metasilicate. 
These findings suggest that the type of silicon fertilizer may influence phytolith distribution and accumulation in 
plants, as well as the mineral composition of soil phytolith fractions. Sodium metasilicate shows potential as an 
effective silicon source with both agronomic and environmental benefits. 
 
Keywords: Carbon sequestration, Monosilicic acid, Phytolith, Rice Silicon, Sodium metasilicate  
 
1 Introduction 
 
Phytoliths are silica structures from amorphous 
biogenic silica (SiO₂·nH₂O) that accumulate in living 
plant tissues during growth and development [1]. Their 
formation and stability depend on factors such as pH, 
taxon, and weathering processes. Phytoliths play 
significant biological roles by contributing to plant 

resistance to biotic and abiotic stresses. Phytoliths are 
also widely applied in taxonomy, archeology, and 
paleoclimate reconstruction [2]. More recently, 
researchers have employed phytoliths to investigate the 
origin, development, and spread of agriculture. They 
are typically well preserved in soils and sediments after 
plant decomposition and can persist for millions of 
years under diverse climatic and environmental 
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conditions [3]. Phytoliths are produced by a wide range 
of plant species, particularly grasses such as rice (Oryza 
sativa), wheat (Triticum aestivum), maize (Zea mays), 
and bamboo species. Their morphology varies 
significantly among species and across different plant 
parts [3]. Phytolith grain size generally ranges from 20 
to 200 µm, with a specific gravity of 2.1–2.3 [4]. 
Phytolith concentrations in plants range from 50 to 150 
g kg−1 [5], whereas phytoliths generally constitute up to 
30% of total soil mass [6]. In plants, roots actively 
absorb silicon from soil, taking up as much as 90% and 
transporting it to the shoots [7]. After translocation, 
silicic acid becomes concentrated and passively 
polymerized into amorphous silica (phytolith) at 
concentrations >2 mmol L−1. In contrast, monosilicic 
acid concentrations in soil are ≤2 mmol L−1; therefore, 
polymerization occurs primarily within plants [7]. 
Phytoliths typically assume the shape of the cells in 
which they are deposited and are not further mobilized 
or translocated. Phytoliths consist of approximately 66–
91% silicon dioxide (SiO2) [8], [9]. Phytoliths 
contribute to the preservation of soil organic carbon and 
mitigate carbon loss to the atmosphere by enhancing 
soil stability and limiting erosion. Their low 
susceptibility to microbial degradation and oxidation 
reduces the likelihood of carbon dioxide (CO2) release 
into the atmosphere. Consequently, this carbon remains 
stable and is stored in soil for extended periods [10]. 
The persistence of phytoliths in plant detritus and soil 
strata represents a significant mechanism for carbon 
sequestration. 

Rice is a staple food for the majority of the global 
population, and its cultivation is a major agricultural 
activity worldwide [11]. However, it contributes 
significantly to greenhouse gas emissions. The 
anaerobic conditions in flooded rice paddies favor 
methane (CH₄) production, a greenhouse gas that 
contributes to global warming [12]. Rice cultivation 
emits approximately 25–100 million metric tons of 
methane annually, accounting for 10%–12% of global 
methane emissions. This variability reflects differences 
in farming practices, water management, rice cultivars, 
soil properties and composition, and climatic 
conditions [11]. Harvesting removes a substantial 
amount of silicon from paddy fields, making it difficult 
to maintain soil silicon balance through natural 
weathering alone [5], [13]. 

In rice cultivation, silica fertilization can enhance 
plant growth and structural strength. Silicon fertilizers, 
including silicon dioxide, silicic acid, and sodium 
metasilicate, increase the concentration of soluble silica 

in soil, which is readily absorbed by plant roots [14]. A 
field study on rice cultivation assessed the impact of 
three silicon sources—diatomaceous earth, silicic acid, 
and rice husk biochar—on phytolith production, plant 
carbon content, and soil properties [9]. Silicon 
fertilization promotes the uptake of soluble silicon by 
roots and increases phytolith production in plant tissues 
[15]. A meta-analysis of over 3,500 data points from 87 
studies revealed that paddy soils in major rice-
producing regions are often deficient in silicon. Silicon 
fertilization increased rice yield by an average of 36% 
and biomass by 39% [16]. However, it remains unclear 
whether different silicon fertilizer sources differ in their 
effectiveness for phytolith accumulation, phytolith 
morphological expression, and soil phytolith dynamics 
under comparable cultivation conditions. Therefore, 
this study employed a pot experiment to compare the 
effects of two silicon fertilizer sources on phytolith 
accumulation, physiological indices, phytolith 
morphology, and soil phytolith composition in RD43 
rice. Given the agronomic and environmental 
challenges associated with rice cultivation, identifying 
a practical and cost-effective silicon source is essential 
for sustainable agricultural management. 

 
2 Material and methods 
 
2.1 Plant materials, growing conditions, and 
experiment design 
 
Seeds of RD43 rice (O. sativa L. spp. indica) were 
obtained from the Pathum Thani Rice Research Center 
(Thailand). Seeds were germinated for 2 weeks and 
transplanted into plastic pots containing 12 kg of soil. 
Silicon fertilizers were applied as monosilicic acid 
(H4SiO4) or sodium metasilicate (Na2SiO3) at 0.33 g 
kg⁻¹ soil, while untreated pots served as controls. Soil 
properties were pH 6.52, organic matter 4.01%, total N 
0.22%, available P 14.20 mg kg⁻¹, exchangeable K 
57.20 mg kg⁻¹, and SiO2 0.02% [17]-[19]. Plants were 
grown under greenhouse conditions (32 ± 2°C day, 28 
± 2°C night, 16 h light/8 h dark) in a completely 
randomized design with three biological replicates. 
 
2.2 Sample collection and preparation 

Plants and soil were collected at the flowering stage 
(60 days after planting). Four plants per biological 
replicate were harvested for physiological assessment. 
The plants were rinsed twice with distilled water and 
separated into shoots (leaf sheath, stem, and leaf 
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blade) and roots. Soil from rice cultivation was dried 
in a hot-air oven at 70°C for 24 h to obtain a constant 
dry weight before phytolith analysis. 
 
2.3 Plant and soil phytolith contents  

Phytoliths from root and shoot tissues were extracted 
using the dry-ash method described by Parr et al., 
[20]. Dried samples were ashed at 500°C and 
subsequently treated with HCl and H2O2 to remove 
carbonates and organic matter before phytolith 
recovery. Soil phytoliths were extracted following the 
modified wet oxidation method of Zuo et al., [21]. 
Samples were treated with Calgon solution, H2O2, and 
HCl, followed by density separation using ZnBr2 
(2.35 g mL−1). The recovered phytolith fraction was 
dried and weighed. 
 
2.4. Physiological measurements 

Chlorophyll a, chlorophyll b, and total chlorophyll 
contents were determined according to Shabala et al., 
[22] and Lichtenthaler [23]. Chlorophyll fluorescence 
parameters (Fv/Fm, ΦPSII, and ETR) were measured 
using standard fluorometric methods. Tiller number 
and root length were recorded for growth assessment. 
 
2.5 Rice phytolith morphology and soil phytolith 
composition 

 
Extracted phytoliths were mounted on microscope 
slides and examined under an optical microscope 
(400×). Morphotypes were identified according to the 
International Code for Phytolith Nomenclature 2.0 
[24]. Soil phytolith composition was analyzed by X-
ray diffraction (XRD; SmartLab, Rigaku, USA). 
Mineral phases were identified from characteristic 
diffraction peaks, and relative abundances were 
estimated using the SmartLab software package. 
 
2.6 Principal component analysis, Pearson 
correlation, and statistical analysis 
 
Principal component analysis (PCA) was conducted 
using the SRplot platform to identify data clustering 
and variance [25]. Pearson correlation analysis was 
performed to assess relationships among variables, 
and the results were visualized using the “corrplot” 
package in R program version 0.92 [26]. Phytolith 
content and physiological data were analyzed using 

analysis of variance (ANOVA), followed by Tukey’s 
test for mean comparison, with statistical significance 
set at p-value < 0.05. All analyses were performed 
using Minitab 18.0 (Minitab Inc., Coventry, UK). 
Error bars in all figures represent the standard 
deviation of the mean.  
 
3 Results and Discussion 
 
3.1 Rice phytolith content and physiological 
response to silicon fertilizer application  
 
Silicon fertilizer increased phytolith concentration in 
rice plants. Numerical increases in root phytolith (RP) 
content were observed under monosilicic acid and 
sodium metasilicate treatments. However, these 
differences were not statistically significant compared 
with the control (Figure 1a). In contrast, sodium 
metasilicate significantly increased shoot phytolith 
(LP) content (3.0 ± 0.02%), representing 1.3- and 2.1-
fold increases compared with the control and 
monosilicic acid treatments, respectively (Figure 1b). 
 

 
Figure 1: Phytolith contents in (a) root and (b) shoot 
of rice genotypes subjected to silicon fertilization 
(monosilicic acid and sodium metasilicate) and 
without silicon fertilization (control). Data are 
presented as mean ± SD, derived from three 
independent replicates. Different lowercase letters 
indicate significant differences, p-value  < 0.05, 
ANOVA followed by Tukey’s test. Ns is not 
significant.
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The effects of silicon fertilization on 
photosynthetic and growth parameters were also 
investigated. Sodium metasilicate increased 
chlorophyll b (Chl b) content (141.7 ± 43.50 µg g⁻¹ 
of  fresh weight) compared with the control (86.6 ± 
19.83 µg g⁻¹ fresh weight), representing a 1.6-fold 
increase. In contrast, chlorophyll a (Chl a) and total 
chlorophyll (Chl a + Chl b) remained unchanged 
across treatments (Figures 2a–c). Photosynthetic 
efficiency parameters in shoots showed that sodium 
metasilicate increased Maximum quantum 
efficiency of photosystem II (Fv/Fm) by 1.0-fold 

compared with monosilicic acid. It also increased 
quantum efficiency in light (ΦPSII) by 1.3-fold 
relative to monosilicic acid. Electron transport rate 
(ETR) (243 ± 52.9 mmol⁻¹ m⁻² s⁻¹) was 
significantly higher in the sodium metasilicate-
treated plants, with a 1.9-fold significant increase 
relative to the control (Figures 2d–f). Growth 
parameters were also enhanced under the sodium 
metasilicate treatment. Tiller number (6.3 ± 1.24) 
and root length (38.0 ± 9.89 cm) increased 
significantly by 1.3- and 1.7-fold, respectively, 
compared with the control (Figures 2g–h). 

 
Figure 2: Physiological indices, including (a) chlorophyll a (Chl a), (b) chlorophyll b (Chl b), (c) total 
chlorophyll (Chl a + Chl b), (d) Maximum quantum efficiency of photosystem II (Fv/Fm), (e) quantum 
efficiency in light (ΦPSII), (f) electron transport rate (ETR), (g) tiller number, and (h) root length under 
silicon fertilization (monosilicic acid and sodium metasilicate) and without silicon fertilization (control). 
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3.2. Correlation and grouping of plant phytolith 
content and physiological attributes 
 
Pearson’s correlation analysis of phytolith content and 
physiological parameters in roots and shoots, with and 
without silicon fertilization, is shown in Figure 3a. 
Variables included RP, LP, Chl a, Chl b, total 
chlorophyll (TotalChl), Fv/Fm, ΦPSII, ETR, tiller 
number (Tillering), and root length (RL). RP showed a 
significant positive correlation with ETR (r = 0.65). 
However, no significant correlation was observed 
between RP and LP (r = 0.39). LP was positively 
correlated with Fv/Fm (r = 0.65) and ΦPSII (r = 0.63). 
Chl a, Chl b, and TotalChl were positively correlated 
with ΦPSII (r = 0.77, 0.79, and 0.87), Tillering (r = 
0.61, 0.78, and 0.74), and RL (r = 0.54, 0.88, and 0.74). 
Fv/Fm was positively correlated with ΦPSII (r = 0.77). 
Both ΦPSII and ETR showed positive correlations with 
Tillering (r = 0.73 and 0.84) and RL (r = 0.81 and 0.95). 
Tillering was strongly correlated with RL (r = 0.95). 
PCA revealed a clear separation between silicon-
treated and control groups based on phytolith and 
physiological parameters. PC1 and PC2 explained 
62.9% and 19.9% of the total variance, respectively. As 
shown in Figure 3b, silicon fertilization distinctly 
separated treatment groups from the control. 

 
3.3 Rice phytolith morphology in root and shoot 
 
A total of 15 phytolith morphotypes were identified in 
roots and shoots under both silicon-fertilized and 
control conditions (Table 1; Figure 4). Six morphotypes 
were observed in roots: acute bulbosus, bilobate, 
bulliform flabellate, elongate entire, polygonal, and 
polyhedral. Nine morphotypes were identified in 
shoots: acute bulbosus, bilobate, blocky, bulliform 
flabellate, elongate dentate, elongate entire, scutiform, 
spheroidal psilate, and trapezoid. Across all treatments, 
polygonal and polyhedral were unique to roots, 
whereas blocky, elongate dentate, scutiform, spheroidal 
psilate, and trapezoid were unique to shoots. Four 
morphotypes—bilobate, elongate entire, bulliform 
flabellate, and acute bulbosus—were common to both 
roots and shoots (Table 1). In roots, bilobate and 
elongate entire phytoliths were consistently observed 
across all treatments (Figures 4a, c, k, l, r, and s). The 
polygonal and polyhedral types were detected only in 
the control (Figures 4d–e). Acute bulbosus was 
observed only under monosilicic acid treatment (Figure 
4j). In shoots, bilobate remained the predominant 
morphotype (Figures 4f, n, and u). The elongate dentate 

and trapezoid types were unique to the control (Figures 
4h–i). Acute bulbosus and scutiform were specific to 
the monosilicic acid treatment (Figures 4m, q), whereas 
bulliform flabellate and spheroidal psilate were 
observed only under sodium metasilicate treatment 
(Figures 4w, x). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: (a) Pearson correlation and (b) principal 
component analysis (PCA) plot of rice phytolith and 
physiological parameter data obtained from applications 
with and without silica fertilizer. Root phytolith (RP), 
shoot phytolith (LP), Chl a, Chl b, TotalChl, Fv/Fm, 
ΦPSII, ETR, tiller number (Tillering), and root length 
(RL).

(b) 
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Table 1: Phytolith morphotypes identified in roots 
and shoots under silicon fertilization and control 
conditions. 

Phytolith morphotypes C M S Figures 

Root     

Acute bulbosus − + − 4j 

Bilobate + + + 4a, 4k, and 4r  

Bulliform flabellate  + − + 4b and 4t  

Elongate entire + + + 4c, 4l, and 4s 

Polygonal  + − − 4d 

Polyhedral + − − 4e 

Shoot     

Acute bulbosus − + − 4m 

Bilobate + + + 4f, 4n, and 4u 

Blocky + + − 4g and 4o 

Bulliform flabellate  − − + 4w 

Elongate dentate + − − 4h 

Elongate entire − + + 4p and 4v 

Scutiform − + − 4q 

Spheroidal psilate − − + 4x 

Trapezoid + − − 4i 

C, control; M, monosilicic acid; S, sodium metasilicate; (+), 
presence of phytolith morphotype; (−), absence of phytolith 
morphotype 
 
3.4 Soil phytolith concentration and composition 
under silicon fertilizer supply 
 
Soil phytolith content showed an inverse trend relative 
to plant phytolith concentration. Phytolith content in 
sodium metasilicate-treated soil (0.6%) was 
significantly lower than in the control (1.4%) (Figure 
5a). To further assess the effects of silicon 
fertilization, soil phytolith composition was analyzed. 
Four silica derivatives—quartz, alum, halloysite, and 
kaolinite–montmorillonite—were identified. Quartz 
and alum were more abundant in sodium metasilicate-
treated soil, increasing by 2.2- and 1.3-fold, 
respectively, compared with the control (Figures 5b–
c). Conversely, halloysite (8.7%) and kaolinite–

montmorillonite (32.3%) were lower under sodium 
metasilicate treatment, decreasing by 2.6- and 1.2-
fold, respectively. Monosilicic acid treatment 
resultedin the highest abundance of kaolinite–
montmorillonite (44.3%) in soil phytoliths (Figures 
5d–e). 

 
4 Discussion  
 
4.1 Sodium metasilicate-induced phytolith 
accumulation in shoots through roots and changes 
in physiological indices 
 
This study evaluated the effects of two silicon 
fertilizer sources, monosilicic acid and sodium 
metasilicate, on phytolith accumulation and 
physiological responses in rice under greenhouse pot 
conditions. Silicon fertilizers are inorganic sources 
that increase the availability of plant-available silicon 
in soil, primarily in the form of monosilicic acid. This 
increase reflects the dissolution and release dynamics 
of silicate fertilizers in lowland rice ecosystems. This  
increase in available silicon is likely due to the 
addition of silicate materials, which contribute to 
soluble silicon pools. Under submerged conditions, 
the concentration of monosilicic acid in soil solution 
increases following silicate fertilizer application, 
facilitating the formation of polysilicic acids [27].  

During the pot experiment, flooded soil 
amended with sodium metasilicate likely provided 
sustained silicon release, enhancing its availability as 
a nutrient source. Sodium metasilicate showed greater 
potential as a silicon source than monosilicic acid. In 
agricultural soils, silicon is the second most abundant 
element (>50% SiO2), its plant-available form 
(monosilicic acid) is typically low. Silicon 
predominantly occurs in crystalline forms, such as 
silicate minerals, secondary clays, and quartz, which 
limit its availability to plants [28]. Dissolved silicon 
released from highly soluble sodium metasilicate 
significantly contributes to the pool of bioavailable 
silicon, which is absorbed by roots and translocated to 
shoots through the xylem during transpiration [29]. 
Silicon fertilizers are absorbed by roots and 
subsequently deposited as phytoliths in plant tissues 
[1]. The greater effectiveness of sodium metasilicate 
may be attributed to its higher solubility under flooded 
conditions, which continuously replenishes the pool 
of plant-available silicon [27]. Because silicon 
absorbed by roots is subsequently transported through 
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the xylem and deposited predominantly in 

 
Figure 4: Phytolith morphologies under control group in (a-e) roots and (f-i) shoots. Phytolith morphologies 
under monosilicic acid treatment in roots (j-l) and shoots (m-q). Phytolith morphologies under sodium 
metasilicate treatment in (r-t) roots and (u-x) shoots were detected in rice. Bar = 20 µm. 
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above-ground tissues, enhanced silicon availability 
may have contrib uted to the greater phytolith 
accumulation observed in shoots than in roots, 
potentially explaining why significant increases were 
detected in shoot phytolith content but not in root 
phytolith content [30]. In the present study, sodium 
metasilicate increased phytolith content in roots and 

significantly enhanced accumulation in shoots (Figure 
1). Although root phytolith content increased 
numerically following silicon fertilization, no 
significant differences were observed among 
treatments. Because roots serve as the primary site of 
silicon uptake and transport, greater phytolith 
accumulation in shoots may reflect the continued  

 
Figure 5: (a) Phytolith contents were detected in soil. Soil phytolith composition, namely (b) quartz, (c) 
alum, (d) halloysite, and (e) kaolinite-montmorillonite under with and without silicon fertilization. Quartz, 
SiO2; alum-Na, NaAl(SO4)2(H2O)12; halloysite, Al2Si2O5(OH)4; kaolinite-montmorillonite, 
Na0.3Al4Si6O15(OH)6·4H2O. 
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translocation and deposition of translocated silicon 
from root tissues [7], [29]. Furthermore, no significant 
correlation was observed between RP and LP (r = 
0.39), suggesting that root phytolith accumulation 
alone may not directly determine phytolith deposition 
in shoots (Figure 3a).  

Rice is a silicon-accumulating species with 
tissue concentrations of 10–15%, of which 
approximately 90% is deposited as phytoliths. A 
significant correlation has been reported between 
silicon fertilization and phytolith accumulation across 
rice organs, including shoots (stem, leaf sheath, and 
leaf blade) and roots [5]. The results indicated that 
sodium metasilicate treatment produced the highest 
Chl b content and enhanced chlorophyll fluorescence 
parameters (Fv/Fm, phiPSII, and ETR) (Figure 2). 
These parameters were positively associated with 
plant growth, including tiller number and RL (Figure 
3a). Meunier et al., [31] reported that silicon uptake 
by roots promotes phytolith accumulation in plant 
tissues, thereby enhancing photosynthetic efficiency. 
Similarly, silicon uptake improves leaf photosynthetic 
performance and increases biomass production in 
grass [15]. Silicon application increases rice root 
growth by 20%–30% [10]. In addition to facilitating 
silicic acid transport to above-ground organs, root 
cells accumulate silicon, especially in cell walls, 
similar to leaf cells. In rice roots, silicon promotes 
suberin deposition and tissue lignification. Moreover, 
total silicon content is often higher in roots than in the 
above-ground organs [32]. 
 
4.2 Rice phytolith morphological variation under 
silicon fertilization in roots and shoots 
 
Phytolith morphology varied across rice organs. 
Based on their formation mechanism, available silicon 
in soil is absorbed by roots and deposited within plant 
cells, where phytoliths assume the shape of the cell or 
cell sap [5]. The results identified both common and 
unique phytolith morphotypes in roots and shoots 
across all treatments, with and without silicon 
fertilization (Table 1; Figure 4). Bilobate and elongate 
entire were consistently observed in roots across all 
treatments, while bilobate was also consistently 
present in shoots. Bilobate (dumbbell-shaped) 
phytoliths, a key morphotype in grasses, were 
consistently observed and are widely regarded as 
diagnostic silica bodies. Variation in lobate 

morphology has been linked to environmental 
conditions, especially moisture. Hygrophytic grasses  
typically produce lobate phytoliths with short shanks, 
whereas xerophytic grasses produce lobate phytoliths 
with long shanks [33]. Following silicon fertilization 
with monosilicic acid, acute bulbosus phytoliths were 
abundant in both roots and shoots (Table 1; Figures 4j, 
m). These structures are typically formed from fully 
silicified epidermal hair cells [34]. Similar phytoliths  
have been reported in the leaves of Rostraria cristata 
(Poaceae) [2] and in the culm sheath of bamboo (D. 
brandisii) [35]. Furthermore, sodium metasilicate 
treatment increased the occurrence of bulliform 
flabellate and spheroidal phytoliths in leaves (Figures 
4w, x). In Oryza, bulliform phytoliths typically exhibit 
a fan-shaped morphology with scale-like 
ornamentation on the rounded surface. These large, 
specialized epidermal cells are arranged in 
longitudinal rows within leaf furrows in Poaceae. The 
surface outlines reflect impressions of adjacent cells 
[24].  

Previous studies have used the size and 
morphology of bulliform flabellate phytoliths to 
distinguish rice and compare wild and domesticated 
varieties [36], [37]. Spheroidal psilate phytoliths were 
also detected in shoots under sodium metasilicate 
treatment (Figure 4x). This morphotype is commonly 
reported in leaves and is considered to originate from 
epidermal or subepidermal tissues [3]. Spheroidal 
psilate phytoliths are characterized as solid or hollow 
bodies with a spheroidal to slightly ellipsoidal or 
irregular shape, generally resembling a sphere. Their 
surfaces are smooth, without ornamentation or 
projections. These phytoliths often form as vesicular 
infillings of epidermal and parenchyma cells of 
foliage and reproductive organs across a wide range 
of dicots and monocots (e.g., Arecaceae, Poaceae, and 
Cyperaceae), as well as some gymnosperms [24]. 
Silicon fertilization did not appear to alter phytolith 
morphology (Table 1; Figure 4). Instead, it influenced 
the occurrence of specific morphotypes among 
treatments. This observation may reflect differences 
in tissue silicification and silicon deposition patterns 
associated with silicon availability [7], [30], [38]. 
 
4.3 Effects of silicon fertilization on soil phytolith 
concentration and composition 
 
In the soil samples, sodium metasilicate application 
resulted in the lowest phytolith content (0.5% of soil 
dry weight) (Figure 5a). In contrast, this treatment 
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produced the highest phytolith accumulation in plants, 
reaching 5.8% and 3.0% of the plant dry weight in 
roots and shoots, respectively (Figure 1). This pattern 
suggests that sodium metasilicate may have promoted 
more efficient utilization of available silicon, resulting 
in greater phytolith deposition in rice tissues; 
however, silicon uptake was not directly measured in 
the present study [7], [29], [30]. This may be 
explained by the active uptake of silica from the soil 
during plant growth and its subsequent deposition 
within plant cells, resulting in a higher phytolith 
concentration in the shoot. Sodium metasilicate 
altered soil phytolith composition by increasing quartz 
and alum content, whereas monosilicic acid promoted 
kaolinite–montmorillonite. Halloysite content 
decreased under both silicon treatments (Figures 5b–
e). Quartz, halloysite, kaolinite, and alum are key 
components of soil silica that influence silicon 
availability for plant uptake and phytolith formation 
[38]. Unlike crystalline silica forms, such as quartz, 
phytolith silica is amorphous (opal-A). Quartz does 
not form phytolith structures. However, it can coexist 
with phytoliths in soil, reflecting a silica-rich 
environment from which plants draw their nutrients. 
Quartz is a primary source of silica during weathering, 
whereas clay minerals such as halloysite and kaolinite, 
which are composed of aluminum silicates, release 
silica more gradually. Alum influences soil pH and 
nutrient dynamics, thereby indirectly affecting silicon 
availability [39]. Overall, sodium metasilicate altered 
soil phytolith composition and was associated with 
lower soil phytolith content but greater phytolith 
accumulation in rice tissues. These findings suggest 
more efficient utilization of available silicon under the 
experimental conditions. 
 
5 Conclusions 
 
This study demonstrated that silicon fertilization 
influenced phytolith accumulation, physiological 
responses, phytolith morphotype occurrence, and soil 
phytolith composition in RD43 rice. Among the two 
silicon sources evaluated, sodium metasilicate was 
more effective than monosilicic acid in enhancing 
shoot phytolith accumulation, chlorophyll b content, 
electron transport rate, tiller number, and root length. 
Treatment-specific phytolith morphotypes were also 
observed under different silicon sources. Furthermore, 
sodium metasilicate altered soil phytolith composition 
and may promote more efficient silicon utilization by 
rice plants. Future research should investigate silicon 

uptake mechanisms and validate these findings under 
field conditions to support sustainable rice production 
and phytolith-occulated carbon sequestration. 
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