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Abstract

This study investigated the effects of the foliar application of sodium silicate (SS) on
phytolith formations in Dendrocalamus brandisii (Munro) Kurz. leaves by analyzing the
phytolith concentration, morphological parameters, and assemblage compositions across
leaves of varying ages and different phenological stages. The results showed that SS
significantly increased the phytolith concentration in D. brandisii leaves, showing a trend of
old leaves > mature leaves > young leaves. The concentration of phytoliths was the highest
at the late shooting stage (November) and the lowest at the dormancy stage (January).
August (shooting stage) and May (branching and leafing stage) were the critical periods for
phytolith formation and the size and morphological variation. Sodium silicate significantly
increased the proportion of saddle, bilobate, and stomatal phytoliths, which might help
optimize the silicified structure of leaf epidermal cells and enhance the leaf resistance and
light energy utilization efficiency. The results help clarify the mechanism of phytolith
formation in different phenological periods of D. brandisii and provide a theoretical basis
for the efficient use of silicon fertilizers in bamboo cultivation.

Keywords: Dendrocalamus brandisii; phenology; phytolith; morphological parameters

1. Introduction

A phytolith is a microscopic amorphous silicon dioxide structure. Amorphous silicic
acid [Si(OH),] is absorbed by plant roots from the soil, transported to different tissues
through the vascular system during transpiration, and precipitated in plant cell walls,
intracellular cavities, and between cell walls [1]. Phytoliths are the primary form of silicon in
higher plants [2]. Their formation significantly enhances plant mechanical stability [3,4] and
improves resistance to erosion [5]. In leaves, these structures facilitate light transmission
to mesophyll cells, thereby boosting photosynthetic efficiency [6]. They also mitigate the
adverse impacts of biotic and abiotic stresses through morphological, physiological, and
biochemical mechanisms [7]. Phytoliths are present in a variety of plants. Differences
in phytolith morphology between species depend on the specific anatomy of the organs,
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especially the epidermis, where most of the phytoliths are formed. That is why phytoliths
have taxonomic relevance. Additionally, their morphological characteristics are closely
related to physiological functions, growing conditions, and the plant nutritional status.
Morphological differences in phytoliths in different plant species or the same plant at
different phenological stages can be significant [8]. These differences are an important
manifestation of a plant’s adaptation to the environment.

As an efficient form of nutrient supplementation, foliar spraying can directly transport
nutrients to plant leaves and quickly meet the needs of plant growth [9]. Studies have
shown that the foliar spraying of silicon sources such as sodium silicate can promote the ac-
cumulation and distribution of silicon in plants, thereby improving physiological processes,
including growth, stress resistance, and photosynthetic water use [10-12]. It can play a
positive role in plant growth and physiological activities by affecting the accumulation
and distribution of silicon [13]. Bamboos are among the most silicon-rich plants, with
epidermal tissue containing up to 70% silicon [14]. Significant differences were found
in the concentration and morphology of phytoliths in different tissues and organs of the
same bamboo species [15]. Bamboo leaves have the largest morphological diversity of
phytoliths [16]. As leaves mature, the silicon deposition and phytolith concentrations in the
leaves increase [17]. The increment of silica deposits in tissues with age has been shown
in many groups of plants, especially grasses. In their study on the tropical forage grass
Brachiaria brizantha, de Melo et al. [18] found that the silica deposition in leaves decreases
in the order of mature leaf blades > recently expanded leaf blades > non-expanded leaf
blades, and leaves continue to accumulate silica throughout their entire life cycle, including
after maturation. However, in Honaine’s study, it was found that silica deposition is not
solely determined by age, but is rather a combined effect of age, the environment, and
physiological processes (such as transpiration and senescence) [19]. Additionally, Moto-
mura et al. found that silicification on Sasa veitchii leaves of different ages was not the same.
Short cells in epidermal cells were preferentially silicified, while the number of silicified
cells in other epidermal cells gradually increased with leaf aging. There was a certain
difference in silicification among cells of different growth stages [20]. Li et al. conducted a
continuous observation of phytoliths in Dendrocalamus ronganensis leaves for 21 months
and found that the phytolith morphological variation was related to the season and leaf
maturity [21]. The phytolith concentration in Dendrocalamus giganteus was highest at the
late shooting stage and lowest at the branching and leafing stages. Saddle and dumbbell
phytoliths were the dominant morphotypes in D. giganteus leaves [22]. Previous studies
on phytoliths in Bambusoideae mainly focused on the concentration and morphology of
phytoliths in a single phenological period or specific plant organs. However, there are
few studies on the effects of the foliar spraying of sodium silicate on phytoliths, especially
the dynamic response of bamboo plants to a silicon fertilizer application during an entire
phenological cycle.

Dendrocalamus brandisii is mainly distributed in tropical and subtropical regions of
China and in Myanmar, Laos, Vietnam, and Thailand [23]. Dendrocalamus brandisii fea-
tures a short growth cycle and a strong regeneration capacity and is a fine substitute for
wood [24]. Its shoots are edible with rich nutrients, making it an excellent dual-purpose
bamboo for both shoots and culms [25]. Bamboo species have high ecological and economic
value and are generally characterized by rapid growth, a large biomass, and an extremely
high demand for silicon [26,27]. Phytoliths play an important role in their growth and
development. Marking key stages of plant growth and metabolism, its vegetative pheno-
logical period involves a series of physiological processes such as shoot germination, leaf
extension, and stem thickening [28]. There are significant differences in nutritional needs
and metabolic intensity in each period. In this study, the effects of the foliar application of



Agronomy 2025, 15,2138

30f15

sodium silicate on the concentration and morphological variation in phytoliths in leaves
of D. brandisii at different phenological periods were analyzed, e.g., the shooting stage,
late shooting stage, dormancy stage, branching, and leafing stage. This study also aims to
provide a theoretical basis for the application of silicon fertilizers in bamboo cultivation.

2. Materials and Methods
2.1. Sample Collection and Preparation

The experiment was conducted in the cultivated bamboo garden of Southwest Forestry
University, Kunming, China. The local climate is described in Table 1. Six clusters of D.
brandisii were selected, with each cluster containing at least three bamboo culms from each
age class (1, 2, and >3 years). The silicon solution was prepared using sodium silicate
nonahydrate (Na;SiO3-9H,0); the concentration of which was based on the effects of
exogenous silicon application on D. brandisii in the previous literature [29]. According
to the vegetative phenological stages during the whole year, on 1 August 2022 (shooting
stage), 1 November 2022 (late shooting stage), 1 January 2023 (dormancy stage), and 1 May
2023 (branching and leafing stage), three clusters were sprayed with 2 mmol/L sodium
silicate (SS) solution, and another three clumps were sprayed with distilled water as a
control. One spray application was conducted from 9:00 to 11:00 a.m. on the first day. A
handheld sprayer was used to evenly spray the solution on both the adaxial (upper) and
abaxial (lower) surfaces of the plant leaves until fine droplets formed on the leaf surface
but did not yet begin to drip down along the leaves. On the 5th, 10th, and 15th days of each
phenological stage, young, mature, and old leaves were separately collected from the culms
of each age class (1, 2, >3 years) in each cluster, with a collection amount of 30 g for each
group of leaves. Three replicates were set for each stage. The old leaves were yellow-green,
and the leaf tips or edges were withered, usually growing near the base of the branch tips.
The mature leaves were dark green and grew in the middle of the branches. The young
leaves were light-green in color, curled or not fully expanded, and growing at the top of
the branches. All experimental materials were washed and placed in a 105 °C oven for
dehydration and fixation and then dried to a constant mass for storage.

Table 1. The climate of Kunming City, Yunnan Province, China.

August November January May

Average high temperature (°C) 25 18 14 24
Average low temperature (°C) 16 9 4 15
Average temperature (°C) 20 15 10 17
Precipitation (mm) 235.7 37.3 37.2 1314
Average humidity (%) 78.3 72 51.7 69

The data were downloaded from the official website of the World Weather Online. https:/ /www.worldweatheronline.
com/kunming-weather-history /yunnan/cn.aspx (accessed on 2 August 2025).

2.2. Experimental Methods
2.2.1. Determination of Phytolith Concentration

The phytoliths were extracted by wet oxidation [30]. The samples were cut into pieces
and placed in a constant-temperature drying oven to dry to a constant mass, and 0.3 g
of the sample was weighed and placed in a digestion tank, evenly spread at the bottom
of the test tube, with 10 mL HNO, and 2 mL perchloric acid for 12 h. After being fully
dissolved, the solution was boiled for two hours. When the liquid was reduced to 5-7 drops,
3 mL of dilute hydrochloric acid was added and boiled in the digestion instrument for
5 min. Once cooled, the material was poured into a 15 mL test tube and transferred to a
centrifuge at 3500 rpm for five minutes. This process was repeated four times, each time
with clean ultrapure water, until the supernatant was completely neutral. After washing,
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the precipitate was dried in an oven at 65 °C to obtain dry phytoliths, and the phytolith
concentration was calculated.

Phytolith concentration (%) = (my/M3) x 100

where m; is the weight of the extracted phytoliths (g); and M, is the weight of the leaf
specimen (g).

2.2.2. Phytolith Classification

Following the procedure outlined by Pearsall [31], a small amount of acetone was
added to a centrifuge tube containing dry phytoliths and shaken well, then dropped onto a
glass slide to dry, and then sealed with a neutral resin to produce a mount. Each sample
included at least three slides. The proportions of each morphological type were calculated
according to the morphological classification proposed by the International Nomenclature
of Phytoliths ICPN 1.0 [32] and ICPN 2.0 [33]. The total number of phytolith particles
identified for each species (with at least 400 particles per slide and at least 3 slides measured
for each species) was used as the base. The number of particles for each morphotype
was counted separately, and then the proportion of each morphotype in the species was
calculated. Each morphological type was photographed, and their morphological parame-
ters were measured under a microscope (Leica DM 1000, Tokyo, Japan) to obtain data on
horizontal width (W, width) and vertical length (L, length) under a 40 objective lens, and
then the phytolith size was measured following Wang and Lu [2].

2.2.3. Statistical Analysis

The means derived from the experiments were statistically analyzed by using multiple
comparisons based on a one-way ANOVA and independent sample t-tests. The least
significant difference method (LSD) was used to determine the level of significance. These
analyses were conducted in SPSS (Statistical Package for the Social Sciences) 20.0 for
Windows software (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Phytolith Concentration in D. brandisii Leaves at Different Phenological Stages

We observed that the phytolith concentration in the leaves of the control group in-
creased from August to November and reached a maximum in November, indicating that
the bamboo accumulated a large amount of silicon during the shooting period and formed
a large amount of phytoliths afterward. In January, the overall phytolith concentration
decreased. The phytolith concentration in the control leaves at different phenological
periods was expressed as old leaves > mature leaves > young leaves (Figure 1).

With the SS treatment, the phytolith concentration in D. brandisii leaves of different ages
increased. In August, the phytolith concentration in young and mature leaves increased
significantly on the 15th day; however, the old leaves showed clear increases on both the
5th and 10th days. In November, the enhancement was significant in young and mature
leaves on the 10th day (Figure 1). When D. brandisii entered the dormancy stage in January,
the phytolith concentration further increased in mature leaves on the 5th day, but the
phytolith concentration’s enhancement in young and old leaves was not recorded until
the 15th day. With the SS treatment, no obvious phytolith concentration enhancement was
found in young leaves in May, but an enhancement in mature and old leaves was observed
on the 15th day (Figure 1).
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Figure 1. Phytolith concentration in D. brandisii leaves at different phenological stages (%). Note: Data
are presented as mean =+ standard deviation. Different lowercase letters above trend lines denote the
significant differences between leaves at different stages in the control group at p < 0.05 according
to LSD. Different uppercase letters above trend lines denote significant differences between leaves
at different stages in the experimental group at p < 0.05 according to LSD. * Denotes significant
differences at p < 0.05 and ** at p < 0.01 between treatments on the same day.

3.2. Phytolith Morphotypes and Variation in D. brandisii Leaves Under Treatment at Different
Phenological Stages

Phytoliths” morphotypes in D. brandisii leaves at different phenological stages were
identical. According to the classification system of ICPN 1.0 [32] and ICPN 2.0 [33], the
phytolith morphotypes observed in D. brandisii leaves included elliptical, saddle, bilobate,
stomata, acute, flabellate, blocky, elongate, and irregular classes—17 types in all (Figure 2).

Phytolith morphotypes in D. brandisii leaves at different phenological stages were
characterized by a high frequency of bilobates and saddles, accounting for more than
65%; whereas, elliptical, flabellate, and irregular morphotypes accounted for the smallest
proportion, normally below 5% (Figure 3).
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Figure 2. Phytolith morphotypes in D. brandisii leaves at different phenological stages. (A) Elliptical.
(B) Saddle. (C) Bilobate. (D) Stomata. (E,F) Acute: (E) acute and (F) extended acute. (G) Flabellate.
(HLI) Blocky: (H) Blocky. (I) Rectangular. (J-N) Elongate: (J) Elongate scrobiculate; (K) Elongate
columnar; (L) Elongate granulate; (M) Tracheary annulate; and (N) Elongate dentate. (O-Q) Irregular:
(O) Arcuate; (P) Uncinate; and (Q) Prismatic.
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Figure 3. Proportions of different phytolith morphotypes in D. brandisii leaves by treatment at
different phenological stages.

In the control group, proportions of different types of phytoliths in D. brandisii leaves

varied at different phenological stages. In August, the proportion of stomata and acute

phytoliths was relatively small (less than 5%), while the proportion of blocky and elongate
phytoliths was around 10% and decreased over time (Table S1). The bilobate phytolith had
the largest proportion in the young leaves, reaching the maximum value on the fifth day.

The saddle phytolith had a relatively large proportion in the mature leaves and increased

with time (Figure 3). In November, the proportion of blocky phytoliths was relatively small

(less than 5%), while the proportion of stomata, acute, and elongate phytoliths was around

10%. The proportion of saddle and bilobate phytoliths was relatively stable, maintaining

a high proportion during sampling in November (Figure 3, Table 52). In January during
dormancy, the proportion of blocky phytoliths was relatively small (less than 5%) (Table S3),
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while the proportion of acute and elongate phytoliths was around 10%. The proportion of
stomata phytoliths in young and mature leaves increased with time and reached maximum
values on the 15th day. The proportion of saddle and bilobate phytoliths remained relatively
stable, maintaining a high proportion throughout (Figure 3). In the branching and leafing
stage in May, the proportion of stomata phytoliths was relatively small (less than 5%)
(Table S4), while the proportion of acute, blocky, and elongate phytoliths was around 10%.
The saddle phytoliths decreased over time, while the proportion of bilobate phytoliths
remained relatively stable (around 40%) (Figure 3, Tables S1-54).

After the SS treatment, the statistical analysis revealed that proportions of the different
morphotypes in D. brandisii leaves varied by phenological stage. In August, the proportion
of blocky phytoliths in young leaves significantly decreased and continued to decline with
time, while elongate phytoliths significantly increased on the fifth day. The stomata phy-
tolith in mature leaves significantly increased on the 15th day. Saddle phytoliths in the old
leaves significantly increased, reaching a maximum on the 15th day (Figure 3). In Novem-
ber, the proportion of stomata phytoliths in mature leaves significantly increased and
continued to increase over time. The acute phytoliths in old leaves significantly increased
on the fifth day. No significant variations were observed in other phytolith morphotypes
(Figure 3). In January, saddle phytoliths in young leaves and stomata phytoliths in mature
and old leaves significantly increased and continued to increase over time. Moreover, acute
phytoliths in young and mature leaves also significantly increased, while their proportion
in old leaves decreased (Figure 3). In May, the proportions of bilobate phytoliths in leaves
of all ages significantly increased over the controls. Elongate phytoliths in mature leaves
significantly increased, while other types of phytoliths were relatively stable (Figure 3).

3.3. Phytolith Size in D. brandisii Leaves Under Treatment at Different Phenological Stages

The phytolith assemblage in D. brandisii leaves was characterized by a high frequency
of bilobate, saddle, acute, flabellate, and elongate types—the sizes of which varied in leaves
with the SS treatment (Figure 3; Tables S5-59).

Observations of the control group revealed that there were differences in the size of
phytoliths in various aged leaves during different phenological stages of D. brandisii. During
the bamboo shooting stage in August, there were no significant differences in the length
and width of saddle and bilobate phytoliths among different leaf ages (Tables S5 and S6).
The length of acute phytoliths in young leaves was significantly shorter than that in old
leaves (Table S7), while flabellate phytoliths in young leaves were significantly longer than
those in mature leaves (Table S8). Elongate phytoliths in young leaves were significantly
shorter than those in old leaves (Table 59). In November, at the late shooting stage, there
were no significant differences in the length or width of saddle, bilobate, acute, flabellate,
and elongate phytoliths among different aged leaves (Tables S5-59). During dormancy
in January, flabellate phytoliths were significantly longer in mature and old leaves on
the 5th and 10th days than were those in young leaves (Table S8), while there were no
significant differences in the length or width of other morphotypes among different aged
leaves. During the branching and leafing stage in May, there were no significant differences
in the length or width of saddle, bilobate, acute, and elongate phytoliths among leaves of
different ages, while the length of flabellate phytoliths increased over time and were longer
in old leaves than in young or mature leaves (Table S8).

After the treatment with SS, the sizes of different types of phytoliths in leaves of
D. brandisii at various maturity stages during different phenological stages increased to
varying degrees over time. At the bamboo shooting stage in August, the width of saddle
phytoliths significantly decreased in young and mature leaves at the 5th and 10th days
(Table S5), the length of acute phytoliths significantly decreased in young leaves at the 5th
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and 15th days (Table S7), the width of flabellate phytoliths significantly increased in young
and mature leaves at the 5th and 10th days (Table S8), and the length of elongate phytoliths
significantly increased in young leaves at the 10th and 15th days (Table S9). In November
and January, the response of all morphotypes to the SS treatment was weak, showing no
significant changes (Tables S5-59). In the branching and leafing stage in May, the width of
bilobate phytoliths significantly increased in old leaves at the 10th and 15th days (Table S6),
and the length of acute phytoliths significantly decreased in young leaves at the 5th and
15th days (Table S7). The width of flabellate phytoliths significantly increased in young and
mature leaves at the 5th and 10th days (Table S8), while the length of elongated phytoliths
significantly increased in young leaves at the 10th and 15th days (Table S9).

Overall, during the bamboo shooting stage in August, the saddle, acute, flabellate,
and elongated phytoliths were more sensitive to the SS treatment, especially in young
and mature leaves, where significant changes in the phytolith width or length occurred.
In November and January, the phytoliths” variation response to the SS treatment was
insignificant. During the branching and leafing stage in May, the bilobate, acute, flabellate,
and elongated phytoliths were more sensitive to the SS treatment, particularly in young
and old leaves. The results indicated that phytoliths in D. brandisii responded differently to
the SS treatment during different phenological stages, and August and May were critical
periods for the phytolith morphology and size variation.

4. Discussion
4.1. Effect of SS on Phytolith Concentration in D. brandisii Leaves at Different Phenological Stages

Phytoliths are the primary form of silicon present in plants [34]. Studies have shown
that Poaceae plants have notably high phytolith concentrations, especially the bamboos [35].
Liu et al. reported that the weather conditions (temperature, precipitation) and leaf age
were key factors controlling phytolith accumulation in Moso bamboo leaves [36]. The
formation of phytoliths is also related to phenological and developmental changes [22]. Zhu
et al. reported that the phytolith concentration was lowest in the leaves of Dendrocalamus
giganteus during the period of branching and leafing and the highest during the late
shooting period [22], consistent with our observations on D. brandisii. Moreover, the
phytolith concentration in D. brandisii at different phenological stages showed an order
of old leaves > mature leaves > young leaves. This was consistent with previous research
results showing that the phytolith concentration in young tissues was lower than that of
old tissues in bamboo [15,22]. This indicates that with the maturity of leaves, silicon is
continuously deposited in leaves to form phytoliths, which is consistent with de Melo
et al.’s [18] study on the tropical forage grass, Brachiaria brizantha.

Leaves and roots are the main organs for plants to absorb silicon. And variation in
silicon absorption at different growth stages substantially affects the phytolith formation
and morphology. Zhang et al. found that an appropriate exogenous silicon application
promoted the absorption and utilization rate of silicon in the leaves of D. brandisii [29].
Yang et al. found that a silicon fertilizer application significantly increased the phytolith
concentration in rice, enhancing the potential of phytolith-occluded carbon [37]. In our
trials, after the SS application, the phytolith concentration in D. brandisii leaves increased
to some extent, particularly in August when the concentration in leaves of different ages
significantly increased. Silicic acid is concentrated and precipitated in leaf cells by tran-
spiration [38]. Increases in temperature and evaporation rates in August might accelerate
the deposition of phytoliths. During the branching and leafing stage in May, the phytolith
concentration in young leaves is relatively low. This is because the cells of young leaves
are still dividing and differentiating, and deposition sites such as silica cells have not yet
fully matured, making them unable to fix large amounts of silicon [39]. In November, the
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phytolith concentration in old leaves was the highest. It is known that the water content in
old leaves is lower than that of young and mature leaves. Due to water loss in old leaves,
silicon deposition occurs passively, resulting in higher phytolith concentrations [40,41],
which is consistent with a report that Brachiaria brizantha continuously accumulates sili-
con in its leaves during senescence due to passive water transport and transpiration [18].
However, the degree of silicification in older leaves of Bothriochloa laguroides is lower. The
impact of senescence on silicon accumulation may vary with species, environmental condi-
tions, and leaf developmental stages and does not always result in an increase in silicon
accumulation [19].

4.2. Effect of SS on Phytolith Morphology in D. brandisii Leaves at Different Phenological Stages

Plant leaves are the primary sites for transpiration, respiration, and photosynthe-
sis. Different morphotypes of phytoliths originate from various cells and have distinct
functions [42]. Interestingly, phytolith morphotypes in D. brandisii leaves at different pheno-
logical stages were identical, including elliptical, saddle, bilobate, acute, flabellate, blocky;,
and elongate types, among which the saddle and bilobate accounted for more than 65% of
the total, consistent with reports by Zhan et al. [15] and Gu et al. [43], who showed that
phytolith assemblages of leaves of 26 bamboo species included a high proportion of saddle
and bilobate phytoliths.

Saddle and bilobate phytoliths are formed in short cells, and previous studies showed
that bilobate and saddle phytoliths were least affected by environmental factors, making
them the most stable phytolith morphotypes; their morphological parameters (size and
proportion) can be used to help classify grass species [14,44,45]. In our study, the size of
saddle and bilobate phytoliths showed an insignificant variation after the SS treatment at
different phenological stages, confirming their stability, and, thus, their parameters may
have taxonomic value. In May and August, with the SS treatment, it was observed that
the proportion of bilobate phytoliths in D. brandisii leaves of different ages significantly
increased. It was also found in corn leaves that, with the rising temperature, the proportion
of bilobate phytoliths gradually increased [45]. When D. brandisii entered the dormancy
stage in January, the proportion of saddle phytoliths significantly increased. A statistical
analysis of phytoliths in Phragmites australis in Northeast China revealed that the propor-
tion of saddle phytoliths accounted for 77%, which is higher than that in other regions,
suggesting that low temperatures might favor the formation of saddle phytoliths [46].

Acute phytoliths are shaped like needles or hooks and mainly form in trichomes.
Their presence in leaves can increase mechanical defense and increase the discomfort of
herbivores during feeding [43,47]. In November and January, after the SS treatment, the
proportion of acute phytoliths in D. brandisii mature leaves increased, suggesting that the
SS application significantly enhanced the physical barrier of mature leaves, which may
imply a stronger ability to resist biotic and abiotic stress.

Bulliform cells are often the main deposition sites of silicon in plant leaves, and this
phenomenon is particularly prominent in the leaves of Brachiaria brizantha, where silicon is
specifically deposited on the cell walls of its bulliform cells [18]. Bulliform cells are related
to plant transpiration. Honaine et al. [19] demonstrated that transpiration may be the
main factor determining the proportion and distribution of silicified cells in leaves, with a
particularly significant impact on bulliform cells. Blocky and flabellate phytoliths mainly
formed in tubular bulliform cells [43]. After the SS application, the proportion and size
of flabellate phytoliths in young and mature leaves significantly increased in August and
May, indicating that SS might enhance the transpiration of young and mature leaves, which
could then promote an increase in the proportion and size of flabellate phytoliths. Tang
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et al. also found that after the artificial fertilization of rice, the sizes of flabellate phytoliths
were significantly larger than those without fertilization [48].

Stomata phytoliths mainly originate from the epidermal cells surrounding the stomatal
complex (subsidiary cells or adjacent cells) [49], optimizing stomatal function by enhancing
the mechanical strength of the cell wall [50]. The silicification of stomata is usually associ-
ated with transpiration [51]. In August, November, and January, after the SS application, the
proportion of stomata phytoliths in mature leaves significantly increased, indicating that
the SS application might improve leaf stomatal function, enhance the mechanical strength
of the surrounding stomatal structures, and reduce water loss. However, silicification is not
always beneficial. It can also occur as a consequence of senescence or under conditions of a
sufficient silicon supply, leading to the occlusion and immobilization of guard cells. When
silicon is in excess, the silicification process may involve cells that do not necessarily need
to form silica deposits, resulting in the impairment of their functions [51].

Elongate phytoliths are formed in long cells, which protect the leaf vascular tissue, sig-
nificantly improving plant photosynthesis, mechanical strength, and physical properties [43].
After applying SS to D. brandisii in August and May, the proportion of elongate phytoliths in
mature leaves increased significantly, and their length also increased significantly, indicating
that SS promoted the development of elongate phytoliths, enhancing the leaves’ mechanical
strength and support capacity and improving the photosynthetic capacity.

4.3. The Physiological and Ecological Significance of the Effects of SS on the Differences in
Phytoliths in D. brandisii Leaves at Different Phenological Stages

It is generally believed that both genetic and environmental factors affect the mor-
phology and size of phytoliths. In addition to being controlled by genetic factors [52], leaf
maturity [53] and hydrothermal conditions [54] will affect the morphology and size of
phytoliths. Our study found that bilobate, saddle, acute, flabellate, and elongate phytoliths
were sensitive to the SS treatment at different phenological stages, and the width or length
of phytoliths changed significantly. Studies have shown that silicon fertilizer treatments
increased the length of epidermal cells (long cells, short cells, and motor cells) at the
seedling stage of rice, and silicon promoted rice growth by increasing the ductility of cell
walls [55]. The application of silicon fertilizer could promote the division and expansion
of epidermal cells in rice leaves, resulting in a significant increase in both their number
and size [56]. Silicon is deposited in the cell walls of leaf epidermal cells, enhancing the
degree of silicification, with silicified cells being clearly visible on the leaf surface [57].
Furthermore, Hayasaka et al. [58] confirmed that silicon deposition thickens the rice leaf
veins, thereby strengthening the physical barrier and inhibiting pathogen penetration. Fer-
tilization at the same time can significantly increase the leaf thickness, length, width, and
area of rice [59,60], so the enlarged leaves and enlarged epidermal cells after fertilization
promote the development of larger phytoliths. Our study shows that fertilization is also a
significant factor affecting the size of phytoliths, consistent with an earlier report by Tang
et al. [48]. At the same time, different phenological periods have different responses to SS
treatments. May and August are key periods for the changes in the phytolith morphology
and size, and these changes have important physiological and ecological ramifications.
May is the leafing and branching stage; cell division and differentiation are active. The
demand for silicon is large. Silicon accumulates in leaf epidermal cells and vascular bundle
sheaths, not only enhancing the mechanical strength of cell walls but also forming silicified
structures around vascular bundles [57,58]. These silicified structures support the material
supply required for the growth of new organs and build a basic defense barrier for young
tissues to resist pests and wind and rain stress [61,62]. At the shooting stage in August, the
SS treatment significantly increased the size of saddle and acute phytoliths, enhanced the
rigidity of cell walls, and likely improved the ability of leaves to resist transpiration and
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high temperatures. These differential responses can provide a basis for formulating precise
silicon fertilizer application strategies for bamboo.

5. Conclusions

This study demonstrated that SS had a significant impact on the phytolith concentra-
tion and morphological parameters in D. brandisii leaves at different phenological stages.
SS significantly increased the phytolith concentration in D. brandisii leaves, showing a trend
of old leaves > mature leaves > young leaves. Phytoliths” morphotypes in D. brandisii
leaves at different phenological stages were identical. The saddle and bilobate accounted
for over 65% of the total phytoliths. August and May were critical periods for phytolith
formation and variation in the phytolith morphology and size. The SS treatment signifi-
cantly increased the proportion of saddle, bilobate, and stomatal phytoliths and may help
optimize the silicified structure of leaf epidermal cells and enhance leaf resistance and
light utilization. Our observations help elucidate the mechanisms of phytolith formation
in different phenological periods of D. brandisii and can serve as a theoretical basis for the
efficient use of silicon fertilizers in bamboo cultivation.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/agronomy15092138/s1: Table S1. Proportion of different phytolith
morphotypes in D. brandisii leaves under SS treatment in August (%); Table S2. Proportion of
different phytolith morphotypes in D. brandisii leaves under SS treatment in November (%); Table S3.
Proportion of different phytolith morphotypes in D. brandisii leaves under SS treatment in January (%);
Table S4. Proportion of different phytolith morphotypes in D. brandisii leaves under SS treatment
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under SS treatment at different phenological stages (um); Table S7. The sizes of acute phytoliths in
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flabellate phytoliths in D. brandisii leaves under SS treatment at different phenological stages (1um);
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