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Abstract: Tall fescue (Festuca arundinacea Schreb.) is a herbaceous species that is commonly
used for ecological slope restoration in China. However, water scarcity often constrains
its growth due to the unique site conditions of steep slopes and climate-induced drought
stress. This study aims to compare the ameliorative effects of silicon nanoparticles (Si
NPs) and cellulose nanocrystals (CNCs) on drought stress in tall fescue and to elucidate
their underlying mechanisms of action. The results indicated that drought stress impaired
photosynthesis, restricted nutrient absorption, and increased oxidative stress, ultimately
reducing biomass. However, Si NPs and CNCs enhanced drought tolerance and promoted
biomass accumulation by improving photosynthesis, osmotic regulation, and antioxidant
defense mechanisms. Specifically, Si NP treatment increased biomass by 48.71% compared
to drought-stressed control plants, while CNCs resulted in a 33.41% increase. Transcrip-
tome sequencing further revealed that both nanomaterials enhanced drought tolerance by
upregulating genes associated with photosynthesis and antioxidant defense. Additionally,
Si NPs improved drought tolerance by stimulating root growth, enhancing nutrient uptake,
and improving leaf structure. In contrast, CNCs play a distinct role by regulating the
expression of genes related to cell wall synthesis and metabolism. These findings highlight
the crucial roles of these two nanomaterials in plant stress protection and offer a sustainable
strategy for the maintenance and management of slope vegetation.

Keywords: tall fescue; slope; drought stress; silicon nanoparticles; cellulose nanocrystals;
transcriptome

1. Introduction

The rapid expansion of infrastructure, including highways, railways, and water conser-
vancy projects, has severely impacted local ecosystems in China. Large-scale engineering
construction often leads to the formation of extensive exposed soil and rock slopes [1,2],
resulting in soil degradation and increased risks of geological disasters such as debris flows,
landslides, and collapses [3,4]. Various vegetation-based approaches for long-term erosion
control have been employed to address these challenges, including external soil spray
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seeding, sprayed vegetation concrete, and vegetative blankets. These methods have played
a crucial role in ecological restoration, soil consolidation, and water conservation [5,6].
However, their application in arid and semi-arid regions remains highly challenging. Lim-
ited precipitation, coupled with the shallow thickness of these artificially constructed
soil layers, severely restricts water cycling. Over time, vegetation in these areas often
experiences growth retardation, degradation, or even mortality due to drought-induced
ecological imbalance. This phenomenon is particularly evident on steep slopes with an
inclination angle greater than 45°, where vegetation degradation typically occurs within a
year [7]. More critically, drought event duration, frequency, and spatial extent have recently
increased [8]. This trend poses significant challenges to the restoration and sustainability of
slope ecosystems in drought-affected, engineering-disturbed areas.

In arid environments, permanent irrigation systems and chemical agents are com-
monly used to mitigate drought stress. However, these measures fail to promote the
self-repair capacity of ecosystems fundamentally. Long-term reliance on permanent irri-
gation systems imposes additional economic burdens, while chemical agents can pollute
soil and water bodies, posing threats to environmental health [9,10]. Therefore, exploring a
green and sustainable strategy to enhance the drought tolerance of slope vegetation has
become an urgent research priority. Against this backdrop, the rapid advancement of
nanotechnology offers new insights into improving the stress tolerance of slope vegetation.
Various nanomaterials have recently been employed to enhance plant growth, produc-
tivity, and stress resilience [11]. Particularly, silicon nanoparticles (Si NPs) and cellulose
nanocrystals (CNCs), owing to their biocompatibility, environmental friendliness, and
unique advantages in endogenous physiological regulation (Si NPs) and exogenous water
retention optimization (CNCs), provide an ideal research model for enhancing drought tol-
erance in slope plants [12,13]. Specifically, Si NPs directly improve metabolic homeostasis
under drought conditions by activating key photosynthetic enzymes and promoting the
accumulation of osmolytes such as soluble sugars, soluble proteins, and proline [14,15].
Furthermore, Si NPs significantly enhance plant drought tolerance by activating antioxidant
defense systems (e.g., superoxide dismutase and peroxidase activity), reducing membrane
lipid peroxidation damage, and synergistically regulating stomatal movement and cell
wall stability, thereby forming a multi-dimensional synergistic physiological defense mech-
anism, as evidenced in wheat (Triticum aestivum L.) and rice (Oryza sativa L.) [16,17]. In
contrast, CNCs, as emerging bio-based nanomaterials that can be synthesized or extracted
from biological sources [18], have emerged as another potential solution for enhancing
the drought tolerance in slope-protecting plants due to their unique swelling capacity
and water retention properties [19]. Although few studies have investigated this role, a
recent study reported that CNCs significantly improved leaf water retention by 200-300%,
primarily due to increased leaf surface viscosity and enhanced wettability [20].

Tall fescue (Festuca arundinacea Schreb.), a cool-season grass species belonging to the
Poaceae family, is widely used for slope ecological restoration in China. However, under
drought conditions, it is prone to leaf yellowing, wilting, photosynthetic impairment, and
reduced root activity, which can compromise ecological restoration outcomes. While both
Si NPs and CNCs hold promise for enhancing plant drought tolerance, their applications
in slope vegetation remain insufficiently explored, with the underlying mechanisms of
CNCs being particularly unclear. Therefore, we will compare the effects of applying
two exogenous nanomaterials and evaluate their impacts on the growth, photosynthesis,
antioxidant enzyme activity, and nutrient uptake of tall fescue. Furthermore, RNA-Seq
analysis will elucidate the molecular mechanisms by which these nanomaterials regulate
plant drought tolerance. The findings of this study will provide new theoretical insights
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and technical support for the sustainable management of slope vegetation and promote the
application of nanomaterials in the field of plant drought tolerance.

2. Results
2.1. Characteristics of Nanomaterials

Transmission electron microscopy (TEM) analysis revealed that the silicon nanopar-
ticles (Si NPs) exhibited a monodisperse solid spherical morphology with an aver-
age diameter of 20.09 £+ 2.79 nm and a surface zeta potential of —28.27 + 1.58 mV
(Figures 1A and S1A,C). In contrast, the cellulose nanocrystals (CNCs) displayed well-
defined rod-like structures with an average length of 87.98 &+ 7.17 nm and exhibited a
stronger surface negative charge (zeta potential: —37.77 & 1.31 mV) (Figures 1B and S1B,D).
Fourier-transform infrared (FTIR) spectroscopy (Figure 1C) further confirmed their distinct
chemical characteristics: For Si NPs, the characteristic peaks at 3370 cm ! and 1628 cm !
corresponded to the O-H stretching vibration and bending vibration of physically adsorbed

—1 was attributed

-1

water on the surface, respectively. The strong absorption peak at 1060 cm
to the asymmetric stretching vibration of Si-O-5i bonds, while the weak peak at 963 cm
originated from the bending vibration of Si-OH. The symmetric stretching vibrations of
Si-O at 798 cm ! and 449 cm ! collectively confirmed their amorphous siloxane structure.
In comparison, the FTIR spectrum of CNCs showed a broad O-H stretching vibration peak
at 3312 cm ™!, which not only reflected adsorbed water but primarily indicated the strong
hydrogen-bonding network formed by intermolecular and surface hydroxyl groups of cellu-
lose. This high-density hydroxyl network immobilizes water molecules and forms a stable
hydrated structure, thereby significantly enhancing water retention capacity. Additional
characteristic peaks at 2898 cm ! (C-H stretching vibration), 1024 cm~! (C-O-C skeletal vibra-
tion of glycosidic rings), and 1590/1417 cm ! (C-H in-plane bending and -CH,-deformation
vibrations) further confirmed the polysaccharide structural features of cellulose.
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Figure 1. Structure and chemical characterization of two nanomaterials: (A) transmission electron
microscope (TEM) image of Si NPs, (B) TEM image of CNCs, (C) Fourier transform infrared spec-
troscopy (FTIR) comparison of Si NPs and CNCs, (D) X-ray diffraction (XRD) pattern of Si NPs, and
(E) XRD pattern of CNCs.
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X-ray diffraction (XRD) analysis demonstrated that the Si NPs exhibited a broad
diffuse peak within 26 = 15°-28° without detectable crystalline diffraction peaks of quartz
or cristobalite (Figure 1D), confirming their typical amorphous structure. This broad
peak correlated with the strong absorption at 1060 cm ! in FTIR, jointly supporting the
short-range ordered Si-O-Si network. The amorphous structure of Si NPs contributes to
their relatively high specific surface area, which in turn facilitates the adsorption of water
molecules. In contrast, the CNCs displayed characteristic diffraction peaks at 20 = 16.449°,
20.606°, 22.572°, and 34.593° (Figure 1E), corresponding to the (111), (002), (021), and (231)
crystal planes of cellulose I, respectively. These peaks indicate the preservation of the highly
ordered crystalline architecture of natural cellulose I, consistent with the crystallographic
features of cotton fibers.

2.2. Effects on Plant Growth

Phenotypic changes in plants treated with Si NPs and CNCs under both normal and
drought conditions demonstrated the positive role of these nanomaterials in enhancing tall
fescue growth and alleviating drought stress. Under normal conditions, plants treated with
both nanomaterials exhibited greater growth vigor (Figure 2A). Specifically, Si NP treatment
significantly promoted root growth and biomass accumulation in plants, with increases of
17.89% and 30.65% compared to control (CK) plants (p < 0.05), respectively. Interestingly,
CNCs significantly enhanced plant height and leaf length, achieving increases of 16.38%
and 21.65% (p < 0.05) (Figure 2B). Under drought stress, the control plants (DS) showed
restricted growth and leaf wilting, particularly with biomass significantly reduced by
55.93% compared to CK plants (Figure 2A,B). However, both Si NPs and CNCs effectively
alleviated drought-induced growth inhibition. Notably, Si NPs significantly improved
stem diameter, root length, and biomass, which increased by 36.38%, 19.69%, and 48.71%,
respectively, compared to DS plants (p < 0.05). Although CNC treatment also showed a
certain degree of improvement, the differences in these parameters were not statistically
significant compared to DS plants (p > 0.05) (Figure 2B). Overall, Si NPs exhibited a more
pronounced positive effect on tall fescue growth under drought conditions, particularly in
enhancing biomass accumulation.

2.3. Effects on Photosynthesis

Figure 3 illustrates the effects of Si NPs and CNCs on photosynthetic pigment con-
tent and gas exchange parameters of tall fescue. Under normal conditions, the highest
chlorophyll a and carotenoid contents were observed in Si NP plants, which increased by
62.31% and 46.33%, respectively, compared to control (CK) plants (p < 0.05) (Figure 3A,C).
At the same time, the most pronounced improvement in stomatal conductance was also
achieved (Figure 3F). In contrast, CNCs exhibited specific promoting effects on chlorophyll
b content, photosynthetic rate, and transpiration rate, showing increases of 70.75%, 30.64%,
and 42.16%, respectively, compared to CK plants (Figure 3B,D,E). Drought stress (DS) signif-
icantly suppressed photosynthesis and stomatal function, particularly reducing chlorophyll
b content and photosynthetic rate by 49.29% and 51.25%, respectively, compared to CK
plants (p < 0.05) (Figure 3B,D). However, both Si NPs and CNCs effectively alleviated the
aforementioned negative effects. Specifically, compared to DS plants, Si NP treatment
significantly increased chlorophyll a (51.65%) and chlorophyll b (53.28%) content, as well
as photosynthetic rate (70.14%) and stomatal conductance (74.23%) (p < 0.05). Meanwhile,
CNCs significantly enhanced chlorophyll b content, photosynthetic rate, transpiration
rate, and stomatal conductance, increasing them by 70.75%, 39.44%, 30.14%, and 41.49%,
respectively, compared to DS plants (Figure 3A-F).



Plants 2025, 14, 1461

50f21

Stem diameter (mm)

(A) 75% Field capacity 35% Field capacity

_ a -
Eaoq , b E gy 2 )
£, 301 d 2 = = 6 b b
g 3
2 20 z 4
3 5
3 10 3 24
F v T G 0
6 () 35 ( @)2-5
- a =
n ab a ab b " Ezs- b ab 22.0- a .
. g 21 g S w | Grsyl
= N’
2 144 2 1.0 ¢ o
2 = < d
£ HE rﬂﬂ
=]

G 1 1 1 \'} T T T T T 0-0 T T T T T
‘yﬁscfa%ﬁsc% ‘?Q%C?%‘f’ﬁ ’é"l%c’Q%Q%Q%
e Sse e e e e

Q%/Q%/ Q%/Q%/ 0@/0‘5/

Figure 2. Effects of Si NP and CNC application on the growth of tall fescue under drought stress:
(A) phenotypic comparison of different treatment groups, (B) plant height, (C) leaf length, (D) leaf
width, (E) stem diameter, (F) root length, and (G) biomass. Data are presented as mean =+ standard
deviation from three biological experiments. Different letters above the bars indicate significant
differences among treatments based on Tukey’s HSD test (one-way ANOVA, p < 0.05). Treatment
abbreviations: CK (control, well-watered), Si NPs (well-watered + 300 mg/L silicon nanoparticles),
CNCs (well-watered + 100 mg/L cellulose nanocrystals), DS (drought stress), DS_Si NPs (drought
stress + 300 mg/L silicon nanoparticles), DS_CNCs (drought stress + 100 mg/L cellulose nanocrystals).

2.4. Effects on Leaf Anatomical Structure

The transverse section of tall fescue leaves consists of the epidermis, mesophyll, and
vascular bundles. The epidermis comprises a single layer of nearly circular cells, with
a thinner cuticle on the upper epidermis and a thicker cuticle on the lower epidermis.
The mesophyll lacks distinct palisade and spongy tissues, forming an isolateral leaf struc-
ture. Additionally, multiple fan-shaped motor cells are distributed in the depressions
between vascular bundles (Figure 4). Statistical analysis of various parameters (Table 1)
revealed that, under normal conditions, Si NPs increased leaf thickness, upper epidermal
cuticle thickness, and lower epidermal cuticle thickness compared to control (CK) plants
(p < 0.05). Interestingly, CNC treatment significantly increased vascular bundle area by
97.83% (p < 0.05). Under drought stress, motor cells lose water, leading to leaf curling and
structural changes in the leaves (Figure 4D). Drought stress resulted in a decrease in leaf
thickness but an increase in other parameters, such as cuticle thickness, epidermal thickness,
and vascular bundle area. The application of Si NPs further enhanced leaf thickness and



Plants 2025, 14, 1461

6 of 21

other structural parameters under drought stress, showing significant differences from
DS plants (p < 0.05), particularly in lower epidermal cuticle thickness, which increased
by 86.81%. However, no significant effects of CNCs on leaf structural parameters were
observed (p > 0.05), although a general improvement trend was present (Table 1).
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Figure 3. Effects of Si NPs and CNCs on photosynthetic pigment content and gas exchange parameters
in tall fescue leaves under drought stress: (A) chlorophyll a, (B) chlorophyll b, (C) carotenoids,
(D) photosynthetic rate, (E) transpiration rate, (F) stomatal conductance. Data are presented as
means =+ standard deviation from three biological experiments. Different letters above the bars
indicate significant differences among treatments based on Tukey’s HSD test (one-way ANOVA,
p < 0.05). Treatment abbreviations: CK (control, well-watered), Si NPs (well-watered + 300 mg/L
silicon nanoparticles), CNCs (well-watered + 100 mg/L cellulose nanocrystals), DS (drought stress),
DS_Si NPs (drought stress + 300 mg/L silicon nanoparticles), DS_CNCs (drought stress + 100 mg/L
cellulose nanocrystals).
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Figure 4. Anatomical images of tall fescue leaves treated with Si NPs and CNCs under drought stress:
(A) CK, (B) Si NPs, (C) CNCs, (D) DS, (E) DS_Si NPs, (F) DS_CNCs.
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Table 1. Statistical analysis of leaf anatomical structure parameters.
Leaf Thickness Ue Thickness Le Thickness Uec Thickness Lec Thickness 2
Treatments (um) (um) (um) (um) (um) VB Area (um?)
CK 335.04 +11.3 cd 1428 £1.54d 23.81 +£2.39¢ 143 +£021c¢ 218 +£0.38 ¢ 3892.21 £ 919.86 ¢
Si NPs 462.65 +11.16 a 18.34 + 4 bed 37.14 4 3.81 abc 2.68 £+ 0.54 ab 4.05 £ 0.45 ab 6126.82 + 783.16 abc
CNCs 382.37 4 27.09 bc 15.12 + 3.01 cd 35.98 4+ 8.92 abc 1.85 + 0.18 bc 3.22 + 0.58 bc 7700.13 4 1330.01 ab
DS 263.32 +17.61e 24.82 + 4.64 abc 32.23 +5.74 bc 2.18 £0.27 bc 2.73 £ 0.43 bc 4779.6 + 692.31 ¢
DS_Si NPs 418.7 4+ 30.39 ab 3031 £289%a 52+ 759a 3.28 £0.63a 514+0.76a 8200.35 + 917.88 a
DS_CNCs 289.12 + 23.56 de 26.81 + 4.63 ab 42.45 4+ 4.08 ab 2.34 + 0.34 abc 4.04 £+ 0.44 ab 5496.32 + 805.68 bc

Note: Ue, upper epidermal; Le, lower epidermal; Uec, upper epidermal cuticle; Lec, lower epidermal cuticle;
VB, vascular bundle. Data are presented as means + standard deviation from three biological experiments.
Different letters within the table indicate significant differences among treatments based on Tukey’s HSD test (one-
way ANOVA, p < 0.05). Treatment abbreviations: CK (control, well-watered), Si NPs (well-watered + 300 mg/L
silicon nanoparticles), CNCs (well-watered + 100 mg/L cellulose nanocrystals), DS (drought stress), DS_Si NPs
(drought stress + 300 mg/L silicon nanoparticles), DS_CNCs (drought stress + 100 mg/L cellulose nanocrystals).

2.5. Effects on MDA, Osmotic Adjustment Substances, and Antioxidant Enzyme Activity

In this study, we investigated the effects of foliar application of Si NPs and CNCs
on MDA levels, osmotic adjustment substances, and antioxidant enzyme activity in tall
fescue leaves under both normal and drought conditions (Figure 5). Under normal con-
ditions, Si NPs significantly reduced MDA content by 29.01% compared to control (CK)
plants (p < 0.05) (Figure 5A). Among osmotic adjustment substances, only Si NPs showed a
significant effect on soluble sugar content, increasing it by 23.38% compared to CK plants
(p < 0.05) (Figure 5B-D). Additionally, Si NPs significantly enhanced CAT and POD activity.
In contrast, CNCs exhibited a significant effect in increasing SOD and APX activity (p < 0.05)
(Figure 5E-H). Under drought stress, both nanomaterials effectively reduced MDA accumu-
lation, maintained osmotic balance, and enhanced antioxidant enzyme activity. Specifically,
in the drought-stressed control (DS), the highest MDA content was observed, while it
was significantly reduced by 35.69% and 26.61% following Si NP and CNC treatments,
respectively (p < 0.05) (Figure 5A). Moreover, both nanomaterials significantly increased the
contents of soluble protein, soluble sugar, and proline (p < 0.05) (Figure 5B-D). Regarding
antioxidant enzyme activity, CNCs resulted in the highest CAT and POD activities, whereas
Si NPs enhanced SOD, APX, and GR activities by 56.21%, 40.29%, and 82.12%, respectively,
compared to DS plants (p < 0.05) (Figure 5E-I).

2.6. Effects on Nitrogen, Phosphorus, Potassium, and Silicon Accumulation

To investigate the effects of foliar application of the two nanomaterials on nutrient
element accumulation in leaves, the contents of nitrogen (N), phosphorus (P), potassium
(K), and silicon (5i) were measured (Table 2). Under normal conditions, Si NP treatment
significantly increased leaf K and Si contents by 21.13% and 88.98%, respectively, compared
to control (CK) plants (p < 0.05) (Table 2). In contrast, CNC treatment significantly enhanced
P content, showing a 32.28% increase relative to CK plants (p < 0.05) (Table 2). Under
drought conditions, untreated plants (DS) exhibited the lowest nutrient element contents,
especially the N content, which decreased by 32.77% compared to CK plants (Table 2). After
the application of both nanomaterials, nutrient contents improved. Notably, plants treated
with Si NPs reached the highest levels of N, P, K, and Si, increasing by 33.29%, 37.67%,
30.93%, and 107.08%, respectively, compared to DS plants (p < 0.05). CNC treatment also
significantly enhanced K content (p < 0.05), although the improvements in other elements
were less pronounced than those observed with Si NPs (Table 2).
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Figure 5. Effects of Si NPs and CNCs on malondialdehyde, osmotic regulators, and antioxidant
enzyme activities in tall fescue leaves under drought stress: (A) malondialdehyde (MDA), (B) soluble
protein, (C) soluble sugar, (D) proline, (E) catalase (CAT), (F) superoxide dismutase (SOD), (G) per-
oxidase (POD), (H) ascorbate peroxidase (APX), (I) glutathione reductase (GR). Data are presented
as means =+ standard deviation from three biological experiments. Different letters above the bars
indicate significant differences among treatments based on Tukey’s HSD test (one-way ANOVA,
p < 0.05). Treatment abbreviations: CK (control, well-watered), Si NPs (well-watered + 300 mg/L
silicon nanoparticles), CNCs (well-watered + 100 mg/L cellulose nanocrystals), DS (drought stress),
DS_Si NPs (drought stress + 300 mg/L silicon nanoparticles), DS_CNCs (drought stress + 100 mg/L
cellulose nanocrystals).

Table 2. Effects of SiNPs and CNCs on N, P, K, and Si content in tall fescue leaves under drought stress.

Treatments N Concentration P Concentration K Concentration Si Concentration
(g/kg DW) (g/kg DW) (g/kg DW) (g/kg DW)

CK 20.48 + 1.31 ab 4.81 +0.36 bc 5.01 £042b 3.83 £ 0.26 bc
Si NPs 2322+ 135a 5.45 + 0.56 ab 6.07 £ 0.26 a 724 +0.27 a
CNCs 2142 +0.73 a 6.39 £ 0.53 a 517 £0.35b 467 £0.46b
DS 13.77 £0.93d 344 +£0.13d 399 +02c 325+0.12¢
DS_Si NPs 18.35 + 1.05 bc 473 £0.25 bc 522 +0.16 b 6.72 +0.49 a
DS_CNCs 15.98 £+ 0.29 cd 4254039 cd 486 +0.29b 3.53 £0.39 ¢

Note: Nitrogen (N), phosphorus (P), potassium (K), silicon (Si). Data are presented as means + standard
deviation from three biological experiments. Different letters within the table indicate significant differences
among treatments based on Tukey’s HSD test (one-way ANOVA, p < 0.05). Treatment abbreviations: CK (control,
well-watered), Si NPs (well-watered + 300 mg/L silicon nanoparticles), CNCs (well-watered + 100 mg/L cellulose
nanocrystals), DS (drought stress), DS_Si NPs (drought stress + 300 mg/L silicon nanoparticles), DS_CNCs
(drought stress + 100 mg/L cellulose nanocrystals).

2.7. Transcriptome Analysis of Leaves Under Different Treatments

To elucidate the roles of the two nanomaterials in promoting tall fescue growth and
drought tolerance, transcriptome sequencing was performed on plants treated with Si NPs
and CNCs for 20 days under both normal and drought conditions. After data filtering,
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each sample yielded at least 5.02G clean reads, with an average Q30 base quality exceeding
93.39% and GC content ranging from 53.17% to 55.07%, indicating high transcriptome data
quality and consistency (Table S1). Due to the lack of a reference genome for tall fescue, de
novo assembly was used to obtain unigenes.

Under normal conditions, 1428 shared differentially expressed genes (DEGs) were
identified in response to Si NP and CNC treatments (Figure 6D). Among them, 943 genes
were upregulated in Si NPs, while 941 genes were upregulated in CNCs. Notably, 65.9%
of the shared DEGs exhibited the same expression patterns after applying both nano-
materials. GO enrichment analysis revealed that these DEGs were primarily associated
with gibberellin metabolism, defense response to fungus, and chitin response (Figure 6B).
KEGG enrichment analysis indicated that they were mainly involved in pathways such
as plant-pathogen interaction, photosynthesis, and plant hormone signal transduction
(Figure 6C). In the photosynthesis-related pathway, genes such as chloroplast atpB gene
product (atpB), cytochrome b-559 alpha subunit chloroplast (Cytb559), and photosystem
II 10 kDa polypeptide (PSBR) were upregulated under both nanomaterial treatments.
AtpB and PSBR exhibited more significant upregulation under Si NP treatment, reaching
1.61-fold and 4.89-fold levels compared to CK plants. At the same time, Cytb559 showed
greater upregulation under CNC treatment (Table S2). Additionally, in the plant hormone
signal transduction pathway, the key gene SAUR32-like was upregulated by 45.11-fold in
CNCs and 21.39-fold in Si NPs (Table S2).
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Figure 6. Transcriptome analysis of plants sprayed with nanomaterials and control plants under
normal water conditions. (A) Number of DEGs, (B) GO enrichment analysis of 1428 DEGs shared
after the application of nanomaterials, (C) KEGG enrichment analysis of 1428 DEGs shared after
the application of nanomaterials, (D) Venn analysis of DEGs after the application of nanomaterials.
Treatment abbreviations: CK (control, well-watered), Si NPs (well-watered + 300 mg/L silicon
nanoparticles), CNCs (well-watered + 100 mg/L cellulose nanocrystals).

Under drought stress, treatments with Si NPs and CNCs revealed 1389 shared DEGs
with consistent expression patterns (Figure 7A). GO enrichment analysis revealed that
these DEGs were mainly involved in biological processes such as heat response, defense
response regulation, and response to desiccation (Figure 7B). KEGG enrichment anal-
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ysis showed that the DEGs were primarily involved in metabolic pathways including
diterpenoid biosynthesis, flavonoid biosynthesis, and photosynthesis—antenna proteins
(Figure 7C). This suggests that both nanomaterials may improve drought tolerance in tall
fescue through a common mechanism. Genes related to photosynthesis antenna proteins,
such as chlorophyll a-b binding protein of LHCII type 1 (CAB-M9) and light-harvesting
chlorophyll a/b-binding protein Lhcb1 (CABI), were included in the 888 upregulated DEGs
(Table S2). Additionally, key genes involved in ROS scavenging, such as APX1, GST3, CAT?2,
and SOD1, were upregulated following treatment with both nanomaterials. Specifically,
APX1, GST3, and SOD1 were upregulated to a greater extent in Si NP-treated plants, with
increases of 1.41, 27.51, and 1.91 times, respectively, compared to DS plants. In contrast,
CAT2 showed a greater increase in CNC-treated plants, with a 22.51-fold increase compared
to DS plants (Table S2).
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Figure 7. Transcriptome analysis of plants sprayed with nanomaterials and control plants under
drought stress. (A) Venn analysis of DEGs after the application of nanomaterials under drought stress,
(B) GO enrichment analysis of 1389 shared DEGs under drought stress after the application of nanoma-
terials, (C) KEGG enrichment analysis of 1389 shared DEGs under drought stress after the application
of nanomaterials. Treatment abbreviations: DS (drought stress), DS_Si NPs (drought stress + 300 mg/L
silicon nanoparticles), DS_CNCs (drought stress + 100 mg/L cellulose nanocrystals).

Moreover, under drought stress, the Si NP-treated plants shared 2249 DEGs with
untreated plants, 860 of which were specific to Si NPs (excluding shared DEGs), while
CNCs resulted in 3272 specific DEGs. KEGG enrichment analysis revealed that Si NP-
specific DEGs were mainly involved in pathways such as diterpenoid biosynthesis, MAPK
signaling pathway, and plant hormone signal transduction (Figure 52). The LRR receptor-
like serine/threonine-protein kinase (ERECTA), a key gene in the MAPK signaling pathway,
showed a 4.02-fold increase in expression compared to DS plants. In contrast, pathogenesis-
related protein (PRP), involved in the plant-pathogen interaction pathway, showed a
68.06-fold increase compared to DS plants (Table S2). KEGG enrichment analysis further
revealed that the specific DEGs in CNC-treated plants under drought stress were mainly
involved in pathways such as phenylpropanoid biosynthesis, linoleic acid metabolism, and
isoflavonoid biosynthesis (Figure S3), with 3191 of these genes (84% of total specific genes)
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upregulated under drought stress. Notably, CNC treatment upregulated genes related to
plant cell wall synthesis and metabolism, such as cinnamoyl CoA reductase (CCR) and
beta-glucosidase 5-like (BGLUS5-like), with expression levels increasing by 3.87-fold and
18.22-fold, respectively, compared to DS plants (Table S2).

To further validate the reliability of the transcriptome data, we randomly selected
8 DEGs for qRT-PCR analysis. The qPCR expression profiles of all randomly selected genes
were consistent with the RNA-seq data, indicating that the RNA sequencing data are highly
reliable and accurate (Figure S4).

3. Discussion

Due to the unique growing conditions of steep slopes, water scarcity presents a
significant challenge to the growth and development of tall fescue, affecting ecological
restoration outcomes. In the context of climate change, exploring efficient methods to
enhance the drought tolerance of slope-protecting plants is of utmost importance. This
study found that drought significantly inhibited the growth of tall fescue, reducing biomass
and increasing oxidative and osmotic stress. The results showed that exogenous application
of Si NPs and CNCs promoted drought tolerance and increased biomass by enhancing leaf
photosynthetic performance, osmotic regulation, antioxidant enzyme activity, and nutrient
absorption. Notably, Si NPs were more effective in achieving these results.

Drought-induced symptoms are most apparent at the morphological level, hinder-
ing normal plant growth [21]. In this study, Si NPs significantly improved the growth
parameters of tall fescue under drought conditions, including leaf length, root length, and
biomass (Figure 2). Similar results have been confirmed in other studies [22,23]. Under
drought, plant roots are the first to perceive insufficient soil moisture and make adaptive
adjustments by absorbing water and nutrients from deeper soil layers, thus enhancing
drought tolerance [24]. Studies have shown that overexpression of the PRP gene can pro-
mote root elongation in poplar [25]. In our study, Si NPs resulted in a 68.06-fold increase in
PRP gene expression compared to the DS plants (Table S2), leading to a 19.69% increase in
root length (Figure 2). In contrast, CNC treatment also had a certain promoting effect on
growth. However, the difference compared to DS plants was insignificant (Figure 2). CNCs
mainly alleviate drought stress by improving the strength and stability of the plant cell wall.
The BGLUS-like gene is involved in the lignification and secondary metabolic processes of
the cell wall [26], while the CCR gene, which encodes cinnamoyl-CoA reductase, is a key
enzyme in lignin biosynthesis and can promote lignin synthesis [27,28]. In this study, CNC
treatment led to an 18.22-fold and 3.87-fold increase in the expression of BGLUS5-like and
CCR, respectively, compared to DS plants (Table S2), and this effect was more pronounced
than with Si NPs. This suggests that CNCs increase lignin synthesis, enhance cell wall
stability, reduce water loss, and thus protect plant cells from drought-induced damage.

Drought stress suppresses plant photosynthesis by reducing the content of photo-
synthetic pigments, leading to decreased photosynthetic products and inhibiting plant
growth and development [29]. In this study, Si NPs significantly increased the contents of
chlorophyll a and b (Figure 3), which may be due to the Si-mediated increase in antioxi-
dant enzyme activity that maintains reactive oxygen species (ROS) homeostasis, thereby
reducing the loss of photosynthetic pigments [30]. Additionally, studies have shown that
drought stress significantly reduced gas exchange parameters (including photosynthetic
rate, stomatal conductance, and transpiration rate) in broad beans, and applying Si NPs
effectively improved this phenomenon [31]. Our results were consistent with these findings
(Figure 3). Although direct evidence of the CNC effect on photosynthesis is lacking, it likely
shares a mechanism similar to Si NPs. In this study, photosynthesis-related genes, such
as CAB-M9 and CAB1, were upregulated in Si NP and CNC treatments (Table S2). These
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genes are involved in light energy capture and transfer, photoprotection, and thylakoid
membrane structure maintenance, all crucial for photosynthesis [32,33]. Furthermore,
Zou et al. [34] found that plants overexpressing the PIP2-7 gene showed a slower rate of
chlorophyll content reduction under drought stress. In our study, Si NP treatment upreg-
ulated PIP2-7 gene expression by 13.93-fold. In contrast, CNC treatment increased it by
12.28-fold (Table S2). Under normal conditions, we also observed that both nanomaterials
upregulated the expression of important functional genes related to photosynthesis, such as
atpB, Cytb559, and PSBR [35-37], which may be closely related to their growth-promoting
characteristics (Table S2).

Long-term drought not only reduces leaf photosynthetic pigment levels but also alters
the apparent morphology and microscopic structure of leaves. It is generally believed that
thicker leaves have better water storage capacity and drought tolerance [38]. This study
found that Si NP treatment significantly increased leaf thickness and related structures
(Table 1). Avestan et al. [39] showed that Si NPs reduce the negative effects of salt stress by
increasing leaf thickness and providing higher water content. The increase in leaf thickness
induced by Si NPs is partly due to the deposition of silicon beneath the cuticle and cell
wall, forming a silica-cellulose bilayer and silica-cuticle bilayer on the leaf surface [40]. On
the other hand, Si NP treatment under drought conditions increased leaf water content
and water potential [41]. Additionally, the increase in vascular bundle area is closely
related to drought tolerance. Under drought stress, plants typically enlarge the vascular
bundle area to improve water transport efficiency [42]. Our study found that Si NPs
further increased the vascular bundle area (Figure 4). In contrast, we hypothesize that the
mechanism of CNCs may differ from that of Si NPs. Its high mechanical strength enhances
cell wall stability, preventing cell deformation due to water shortage. In contrast, its water
absorption and retention properties may form a “water film” on the leaf surface, reducing
water evaporation. Therefore, CNCs may mainly protect leaf structure and maintain cell
integrity and function by enhancing the mechanical stability of the cell wall and changing
its physical properties without causing significant changes in leaf structure. However, the
exact interaction mechanism of CNCs with the leaf still requires further investigation.

Plants accumulate osmotic regulatory substances such as proline, soluble sugars, and
soluble proteins to cope with drought stress. Importantly, proline not only directly enhances
drought tolerance by maintaining cell turgor and osmotic balance but also functions as a
reactive oxygen species (ROS) scavenger, thereby reducing oxidative damage. Furthermore,
it stabilizes protein structures and forms a desiccation protective layer, which helps to
alleviate cell collapse induced by drought. Additionally, the accumulation of proline
may positively regulate the expression of stress-responsive genes, such as P5CS and SOD,
thereby establishing a feedback loop that enhances stress tolerance [43,44]. In this study,
both Si NPs and CNCs significantly increased the content of proline, soluble proteins, and
soluble sugars under drought stress (Figure 5). S5i NPs have been shown to improve plant
osmotic regulation capacity [45,46]. Although there is a lack of relevant studies on CNCs,
they may enhance drought tolerance through a similar mechanism. Drought leads to the
excessive production of ROS, exacerbating lipid peroxidation and damaging membrane
integrity [47]. MDA is a marker of lipid peroxidation [48], and in this study, Si NPs reduced
MDA content by 35.69%, consistent with the findings of Wahi et al. [49]. CNCs also showed
a similar effect (Figure 5). Plants activate antioxidant defense mechanisms to detoxify ROS
and maintain cellular stability [50]. In this study, Si NPs reduced oxidative damage by
increasing the activity of SOD, GR, CAT, and POD (Figure 5), which is consistent with the
findings of Liu et al. [51], while CNCs also exhibited a similar effect. APX catalyzes the
conversion of ascorbic acid (AsA) to dehydroascorbic acid and participates in the AsA-
glutathione cycle, where dehydroascorbate reductase (DHAR) eliminates HyO, [52]. In this
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study, both nanomaterials increased APX activity under drought stress and upregulated the
expression of DHAR2, APX1, and GST3 genes (Figure 5, Table S2). Additionally, we noted
that the expression of SOD1 was more upregulated in Si NP-treated plants, while CAT2
expression was significantly higher under CNC treatment, consistent with the physiological
results (Table S2). These results suggest that Si NPs and CNCs significantly enhance the
plant’s tolerance to oxidative stress by upregulating the antioxidant defense system and
relevant gene expression, alleviating drought stress damage, and promoting plant growth.

Drought inhibits the absorption and transport of nutrients by plant roots, severely
affecting plant growth and development [53]. In this study, Si NP treatment significantly
increased the nitrogen content in the leaves, showing a 33.29% increase compared to
the DS plants, with improvements also observed in phosphorus and potassium content
(Table 2). This result aligns with the study by Alsaeedi et al. [54], who found that Si
NP application increased potassium content in both the leaves and roots of cucumber
(Cucumis sativus). Higher potassium levels can stimulate root development [55,56], which
may be another reason why Si NPs significantly increased root length. Additionally, Si
NPs significantly increased the silicon concentration in the leaves (Table 2), consistent with
previous studies [45,57]. Transcriptome analysis showed that Si NP treatment upregulated
the expression of the Lsi2 gene, which plays an important role in the long-distance transport
of silicon [58,59]. Therefore, exogenous Si NPs not only increase silicon concentrations in
the leaves but may also enhance silicon accumulation by promoting long-distance transport
through upregulating Lsi2 gene expression. In contrast, CNC treatment only significantly
increased potassium content in the leaves (Table 2), with minimal effects on nitrogen,
phosphorus, and silicon content. This may be because CNCs primarily promote potassium
absorption by enhancing cell membrane stability and adsorption capacity, which differs
from the absorption mechanisms of nitrogen, phosphorus, and other elements and is more
restricted under drought stress. Therefore, future studies should further explore the specific
mechanisms of nutrient element absorption and utilization mediated by CNCs under stress
conditions to reveal its potential regulatory pathways.

4. Materials and Methods
4.1. Experimental Materials

Tall fescue (Festuca arundinacea Schreb.) seeds were purchased from Tai’an Boqi Seed
Industry Co., Ltd. (Tai’an, China), with purity > 98% and moisture content < 13%.

Silicon nanoparticles (Si NPs) and cellulose nanocrystals (CNCs) were purchased from
Jiangsu Xianfeng Nanomaterials Technology Co., Ltd. (Nanjing, China). According to the
technical documentation provided by the supplier, Si NPs were synthesized via a sol-gel
method (purity > 98%) using tetraethyl orthosilicate (TEOS) as the silicon precursor. The
hydrolysis of TEOS was conducted in an ethanol solution at pH 3.5 and 25 °C for 2 h.
Subsequently, the pH was adjusted to 8.0 using ammonia solution, and the temperature
was elevated to 50 °C to facilitate polycondensation for 4 h, yielding silica gel. The gel was
aged for 48 h, vacuum-dried at 60 °C, and calcined at 500 °C for 3 h. Finally, high-purity
silica nanoparticles were obtained through ball milling and sieving. In contrast, CNCs
were prepared via acid hydrolysis. Cotton linters were treated with 60-65% sulfuric acid
at 45-55 °C for 30-120 min to selectively remove amorphous cellulose domains. The hy-
drolyzed product was purified by centrifugation and dialysis, followed by ultrasonication
to disperse the material into a nanocrystalline suspension. The CNCs were ultimately
collected through freeze-drying. Both nanomaterials were sputtered and gold-coated for
30 s and then examined using a JEM1200EX transmission electron microscope (TEM, JEOL,
Akishima, Japan). The particle size of Si NPs and the length of CNCs were measured using
Image] (version 1.54). The zeta potentials of the two nanomaterials were measured using
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a Zetasizer Nano Z590 (Malvern Panalytical, Malvern, UK). Samples were dispersed in
deionized water, ultrasonicated, and analyzed at 25 °C with three replicates. The functional
groups of the materials were analyzed using a Nicolet IS10 Fourier-transform infrared
spectrometer (FTIR, Nicolet, Madison, WI, USA), with a scanning range of 500—-4000 cam~ 1L,
X-ray diffraction (XRD) analysis was performed using a Rigaku Miniflex600 diffractometer
(Rigaku, Akishima Japan), scanning from 5° to 80° (26) at a scan rate of 2° /min.

4.2. Experimental Design

The experiment was conducted in a greenhouse at the College of Soil and Water Con-
servation Science and Engineering, Northwest A&F University, Yangling, China (34°27' N,
108°07" E), from July to September 2024. The temperature was maintained at 25 &+ 5 °C
and humidity at 70 4= 5%, with a light cycle of 16 h of light and 8 h of darkness. Uni-
form and plump tall fescue seeds were selected, with 50 seeds sown per pot (substrate:
a mixture of peat, vermiculite, and perlite in a 1:1:1 ratio). After germination, 30 healthy
seedlings per pot were kept for further cultivation. When the seedlings reached 15-20 cm,
a 10-day concentration screening experiment was performed. The plants were divided
into six treatments with the following experimental conditions: (i) Normal control (CK):
Plants were sprayed with double-distilled water (DDW) and maintained at normal soil
moisture (65-75% field capacity); (ii) Si NP treatments: Plants were sprayed with Si NP
solutions at concentrations of 50, 100, 200, 300, and 500 mg/L under normal soil moisture
conditions; (iii) CNC treatments: Plants were sprayed with CNC solutions at concentrations
of 25, 50, 100, 200, and 300 mg/L under normal soil moisture conditions; (iv) Drought
stress control (DS): Plants were grown under drought conditions (35-45% field capacity);
(v) DS_Si NP treatments: Plants were sprayed with Si NP solutions at the same concentra-
tions as treatment ii and grown under drought conditions; (vi) DS_CNC treatments: Plants
were sprayed with CNC solutions at the same concentrations as treatment iii and grown
under drought conditions. Each treatment was repeated three times. Before spraying,
the nanomaterials were diluted with DDW and sonicated for 30 min. After adding 0.05%
Tween-20, the solution was evenly sprayed on the leaves, with applications every three
days. Soil moisture was replenished daily using the gravimetric method, and plastic film
was used to cover the soil surface to prevent solution leakage. After 10 days, plant growth
and physiological parameters were measured.

The concentration screening results (Figures S5 and S6) indicated that the growth-
promoting effects of Si NPs and CNCs on tall fescue exhibited distinct concentration-
dependent patterns. For the Si NP treatment group (50-500 mg/L), the peak promoting
effect occurred at 300 mg/L under both normal and drought conditions. In contrast, the
CNC treatment group (25-300 mg/L) showed a typical hormesis effect, where maximum
enhancement of growth and physiological parameters was achieved at 100 mg/L, while
higher concentrations resulted in significant inhibitory effects. Based on these concentration-
response trends, this study selected 300 mg/L Si NPs and 100 mg/L CNCs as the optimal
treatment concentrations. After an additional 10-day treatment (for a total of 20 days),
samples were collected. Functional leaves of medium size were selected, and samples
were divided into three parts: one portion was stored at —20 °C for physiological and
biochemical measurements, another part was flash-frozen in liquid nitrogen and stored
at —80 °C for transcriptomic analysis, and the remaining portion was dried and ground
for analysis of nitrogen, phosphorus, potassium, and silicon content. Additionally, root
samples were collected to measure root length.
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4.3. Growth Parameters and Biomass Measurement

The height of the aerial parts, leaf length, and root length were measured using a
millimeter ruler. Leaf width and stem diameter were measured using a caliper. Five plants
were grouped for biomass measurement, and the whole plant was harvested. The leaves
and roots were washed with distilled water to remove surface impurities and soil, then
blanched in an oven at 105 °C for 15 min. The samples were then dried to a constant weight
at 65 °C in a constant-temperature drying oven and weighed to determine biomass.

4.4. Chlorophyll and Gas Exchange Parameter Measurement

Medium-sized functional leaves were selected, and chlorophyll pigments were ex-
tracted with 95% ethanol (v/v) at 4 °C. Absorbance was measured at 665 nm, 649 nm, and
470 nm to calculate chlorophyll a, chlorophyll b, and carotenoid contents [60]. Leaf gas
exchange parameters were measured following Zhang et al. [61] using an Li-6800 portable
photosynthesis system (LI-COR, Lincoln, NE, USA). Measurements were taken on sunny
days between 9:00 and 11:00 AM, recording photosynthetic rate, transpiration rate, and
stomatal conductance.

4.5. Leaf Anatomical Structure Analysis

Leaf anatomical structure was observed using the paraffin section method. Medium-
sized functional leaves were selected, and 1-1.5 mm thick leaf sections containing the
midrib were cut and fixed in 50% formalin-acetic acid-alcohol (FAA) solution for 24 h [62].
The samples were embedded in paraffin after a series of ethanol gradient dehydrations.
Thin sections (8 pm) were cut using a Leica RM2235 microtome (Leica, Wetzlar, Germany).
The sections were stained with toluidine blue for 2-5 min, washed with distilled water, and
then immersed in xylene for 10 min. The sections were scanned using a Pannoramic desk
P1000 slide scanner (3DHISTECH Ltd., Budapest, Hungary). Leaf anatomical structure
parameters, including leaf thickness, upper and lower epidermal thickness, upper and
lower epidermis cuticle thickness, and vascular bundle area, were observed and analyzed
using CaseViewer (3DHISTECH, Budapest, Hungary, version 2.3).

4.6. MDA, Osmotic Regulators, and Antioxidant Enzyme Activity Measurement

MDA content was measured using the thiobarbituric acid (TBA) method [63]. Soluble
sugar content was determined using the anthrone colorimetric method [64]. Soluble protein
content was measured using the Coomassie Brilliant Blue G-250 staining method [65].
Proline content was determined using the acidic ninhydrin [66]. Antioxidant enzyme
activities were measured using commercial assay kits (Solarbio, Beijing Solarbio Science
& Technology Co., Ltd., Beijing, China, Product No. BC0170, BC0090, BC0200, BC1160,
BC0220). The activities of superoxide dismutase (SOD, EC1.15.1.1), peroxidase (POD,
EC1.11.1.7), catalase (CAT, EC1.11.1.6), glutathione reductase (GR, EC1.8.1.7), and ascorbate
peroxidase (APX, EC1.11.1.11) were measured by spectrophotometry. A total of 0.1 g
of sample was collected for each measurement. Enzyme activity for each sample was
determined according to the kit instructions, and each sample was tested in triplicate.

4.7. Determination of Nitrogen, Phosphorus, Potassium, and Silicon Content

After drying the leaf samples to a constant weight, they were ground and passed
through a 0.25 mm sieve. To obtain the test solution, the plant nitrogen, phosphorus, and
potassium contents were determined using the HySO4-H,O, digestion method. Nitrogen
content was measured by the Kjeldahl method, phosphorus content by the molybdenum-
antimony anti-spectrophotometric method, and potassium content by atomic absorption
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spectrometry [67]. Silicon content was determined using the molybdenum blue colorimet-
ric method [57].

4.8. RNA Extraction, Library Construction, and Sequencing

Leaf samples from six treatments were collected, namely CK, Si NPs, CNCs, DS, DS_Si
NPs, and DS_CNCs. After thorough grinding in liquid nitrogen, total RNA was extracted
using the Plant RNA Kit (R6827, Omega, Guangzhou, China). The concentration and
purity of the RNA were measured using a NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA), and RNA integrity was assessed using an Agilent
2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA). Qualified samples were
transported on dry ice to LC-BIO Technology Co., Ltd. in Hangzhou, China, for library
construction and sequencing.

For library construction, mRNA with polyA tails was specifically captured using
oligo(dT) magnetic beads (Dynabeads Oligo (dT), cat. 25-61005, Thermo Fisher, Waltham,
MA, USA) through two rounds of purification. The captured mRNA was fragmented at
high temperatures using a magnesium RNA fragmentation module (NEBNext® Magnesium
RNA Fragmentation Module, cat. E6150S, Ipswich, MA, USA) for 5-7 min at 94 °C. The
fragmented RNA was reverse transcribed into cDNA using Invitrogen SuperScript™ II
Reverse Transcriptase (cat. 1896649, Carlsbad, CA, USA). Subsequently, double-strand
synthesis was performed using E. coli DNA polymerase I (NEB, cat. M0209, Ipswich, MA,
USA) and RNase H (NEB, cat. M0297, Ipswich, MA, USA) to convert the RNA-DNA
hybrid duplex into a double-stranded DNA while incorporating dUTP Solution (Thermo
Fisher, cat. R0133, Carlsbad, CA, USA) into the second strand. The ends of the double-
stranded DNA were blunted, and an A base was added to each end to facilitate ligation
with adaptors containing T overhangs. Magnetic bead-based size selection and purification
were then conducted. The second strand was digested using the UDG enzyme (NEB,
cat. M0280, Ipswich, MA, USA). PCR amplification was performed under the following
conditions: initial denaturation at 95 °C for 3 min, followed by eight cycles of 98 °C for 15s,
60 °C for 15 s, and 72 °C for 30 s, with a final extension at 72 °C for 5 min. This process
generated a strand-specific library with fragment sizes of 300 bp £ 50 bp. Finally, the
library was sequenced using the Illumina Novaseq™ 6000 platform (LC-BIO Technology
Co., Ltd., Hangzhou, China) in a paired-end mode (PE150) according to the standard
operating procedures.

4.9. Transcriptomic Data Analysis

Initially, reads with adapter contamination, low quality, and undetermined bases
were removed using Cutadapt (version 1.9). Subsequently, FastQC (version 0.10.1) was
employed to validate sequence quality, including the Q20, Q30, and GC content of the clean
data. All downstream analyses were based on high-quality, clean data. The transcriptome
was de novo assembled using Trinity (version 2.15). Trinity clusters transcripts based
on shared sequence content. These transcript clusters were loosely termed “genes”. The
longest transcript within each cluster was selected as the “gene” sequence (Unigene).
All assembled Unigenes were aligned against the non-redundant (Nr) protein database,
Gene Ontology (GO), SwissProt, Kyoto Encyclopedia of Genes and Genomes (KEGG), and
eggNOG databases using DIAMOND (version 2.0.15) with a threshold of E < 0.00001. The
expression levels of Unigenes were analyzed using Salmon (version 1.9.0) by calculating
transcripts per kilobase of exon model per million mapped reads (TPM). Differentially
expressed Unigenes were identified using the R package edgeR (version 3.40.2), with criteria
of logy(fold change) > 2 or log,(fold change) < —2 and false discovery rate (FDR) < 0.05.
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4.10. Quantitative Real-Time PCR Validation

Gene expression changes were measured using the quantitative real-time polymerase
chain reaction (QRT-PCR) method to validate the transcriptomic results, with eight differen-
tially expressed genes (DEGs) selected from each sample. The primer sequences for these
genes are listed in Table S3. Total RNA was isolated from leaf tissues of three biological
replicates using the Plant RNA Kit (R6827, Omega, Guangzhou, China). First-strand cDNA
synthesis was performed using the EasyScript® One-Step gDNA Removal and cDNA
Synthesis SuperMix (AE311, TransGen, Beijing, China) according to the manufacturer’s
instructions. qRT-PCR was conducted using the Qantstudio5 Real-Time PCR System with
2xSYBR green qPCR Mix (PC3302, Aidlab, Beijing, China) as the fluorescent dye. The
qRT-PCR results were calculated using the 2~24Ct method [68], with the actin gene as the
internal control.

4.11. Statistical Analysis

For data analysis, SPSS version 25.0 (SPSS, Inc., Chicago, IL, USA) statistical software
was used, and one-way analysis of variance (ANOVA) was performed to analyze the
significance of differences between different treatments at a probability level of 5%. Multiple
comparisons of means were carried out using Tukey’s HSD post hoc test. Graphs were
created using R version 4.0.4 and GraphPad Prism version 10.0 (GraphPad Software, San
Diego, CA, USA).

5. Conclusions

Foliar application of silicon nanoparticles and cellulose nanocrystals promoted the
growth and biomass accumulation of tall fescue under drought stress, with silicon nanopar-
ticles showing better results than cellulose nanocrystals. Both nanomaterials improved
drought tolerance by enhancing photosynthesis, osmotic regulation, and antioxidant en-
zyme activity and upregulating the expression of related functional genes, demonstrating
similar mechanisms of action. Furthermore, silicon nanoparticles enhanced drought tol-
erance by stimulating root growth, improving nutrient absorption, and improving leaf
structure. At the same time, cellulose nanocrystals relied on their water retention capacity
and regulation of cell wall-related genes to maintain cellular stability and protect against
drought damage. However, future studies should further explore their long-term ecological
effects and mechanisms in enhancing plant tolerance, especially cellulose nanocrystals,
which, to our knowledge, is the first report on using cellulose nanocrystals in foliar applica-
tion to alleviate plant drought stress.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants14101461/s1: Figure S1: Analysis of size distribution
and zeta potential; Figure S2: GO and KEGG enrichment analysis of unique genes in tall fescue
plants treated and untreated with silicon nanoparticles (Si NPs) under normal and drought stress
conditions; Figure S3: GO and KEGG enrichment analysis of unique genes in tall fescue plants treated
and untreated with cellulose nanocrystals (CNCs) under normal and drought stress conditions;
Figure S4: Validation results using qRT-PCR; Figure S5: Effect of spraying different concentrations
of silicon nanoparticles (S5i NPs) and cellulose nanocrystals (CNCs) on the growth height, stem
diameter, leaf length, and leaf width of tall fescue under normal (A) and drought (B) conditions;
Figure Sé6: Effect of spraying different concentrations of silicon nanoparticles (Si NPs) and cellulose
nanocrystals (CNCs) on the malondialdehyde (MDA) content and the activities of catalase (CAT),
superoxide dismutase (SOD), and peroxidase (POD) in tall fescue under normal (A) and drought
(B) conditions; Table S1: Sequencing statistics for this study; Table S2: List of upregulated genes
associated with nanomaterial addition; Table S3: Primers used in qRT-PCR.
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ROS Reactive oxygen species

DHAR Dehydroascorbate reductase
DDW Double distilled water

FAA Formalin-acetic acid-alcohol

TBA Thiobarbituric acid

gRT-PCR  Quantitative real-time polymerase chain reaction
XRD X-ray diffraction

1.  Andres, P; Zapater, V.; Pamplona, M. Stabilization of motorway slopes with herbaceous cover, Catalonia, Spain. Restor. Ecol. 1996,

4,51-60. [CrossRef]

2. Zhang, WJ].; Li, RR.; Ai, X.Y,; Jiao, C.; Xu, W.N.; Wei, L.; Ai, Y.W. Enzyme activity and microbial biomass availability in artificial
soils on rock-cut slopes restored with outside soil spray seeding (OSSS): Influence of topography and season. J. Environ. Manag.
2018, 211, 287-295. [CrossRef]

3. Baggio, T.; Martini, M.; Bettella, F.; D’ Agostino, V. Debris flow and debris flood hazard assessment in mountain catchments.
Catena 2024, 245, 108338. [CrossRef]

4. Faiz, H.; Ng, S.; Rahman, M. A state-of-the-art review on the advancement of sustainable vegetation concrete in slope stability.
Constr. Build. Mater. 2022, 326, 126502. [CrossRef]


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE296395
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE296395
https://doi.org/10.1111/j.1526-100X.1996.tb00107.x
https://doi.org/10.1016/j.jenvman.2018.01.005
https://doi.org/10.1016/j.catena.2024.108338
https://doi.org/10.1016/j.conbuildmat.2022.126502

Plants 2025, 14, 1461 19 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Lai, H.Q.; Du, ].X.; Zhou, C.Y;; Liu, Z. Experimental study on ecological performance improvement of sprayed planting concrete
based on the addition of polymer composite material. Int. ]. Environ. Res. Public Health 2022, 19, 12121. [CrossRef]

Wang, Y.; Liu, J.; Lin, C.; Ma, X.E; Song, Z.Z.; Chen, Z.H,; Jiang, C.H.; Qi, C.Q. Polyvinyl acetate-based soil stabilization for rock
slope ecological restoration. J. Environ. Manag. 2022, 324, 116209. [CrossRef]

Gao, G.J.; Yuan, ].G.; Han, R.H.; Xin, G.R.; Yang, Z.Y. Characteristics of the optimum combination of synthetic soils by plant and
soil properties used for rock slope restoration. Ecol. Eng. 2007, 30, 303-311. [CrossRef]

Chiang, F.; Mazdiyasni, O.; AghaKouchak, A. Evidence of anthropogenic impacts on global drought frequency, duration, and
intensity. Nat. Commun. 2021, 12, 2754. [CrossRef]

Kang, RJ.; Li, M.Y.; Guo, SW.; Xia, D.; Liu, L.M.; Dong, WH.; Xu, W.N.; Lv, Y.C. Effect of brassinolide on stoichiometric stability
characteristics of tall fescue under dought stress in ecological restoration. Sustainability 2024, 16, 5942. [CrossRef]

Shu, Q.; Xia, D.; Ma, Y.Y,; Zhang, Y.; Luo, T.; Ma, J.X;; Liu, F; Yan, S.X,; Liu, D.X. Response of physiological characteristics of eco-
logical restoration plants to substrate cement content under exogenous arbuscular mycorrhizal fungal inoculation. Front. Plant Sci.
2022, 13, 1028553. [CrossRef]

Usman, M.; Farooq, M.; Wakeel, A.; Nawaz, A.; Cheema, S.A.; Rehman, H.U.; Ashraf, I.; Sanaullah, M. Nanotechnology in
agriculture: Current status, challenges and future opportunities. Sci. Total Environ. 2020, 721, 137778. [CrossRef] [PubMed]
Mathur, P.; Roy, S. Nanosilica facilitates silica uptake, growth and stress tolerance in plants. Plant Physiol. Biochem. 2020,
157,114-127. [CrossRef] [PubMed]

Zahedi, S.M.; Moharrami, F; Sarikhani, S.; Padervand, M. Selenium and silica nanostructure-based recovery of strawberry plants
subjected to drought stress. Sci. Rep. 2020, 10, 17672. [CrossRef]

Boaretto, L.E,; Carvalho, G.; Borgo, L.; Creste, S.; Landell, M.G.A.; Mazzafera, P.; Azevedo, R.A. Water stress reveals differential
antioxidant responses of tolerant and non-tolerant sugarcane genotypes. Plant Physiol. Biochem. 2014, 74, 165-175. [CrossRef]
Luyckx, M.; Hausman, J.F; Lutts, S.; Guerriero, G. Silicon and Plants: Current Knowledge and Technological Perspectives. Front.
Plant Sci. 2016, 8, 411. [CrossRef] [PubMed]

Akhtar, N.; Ilyas, N.; Mashwani, Z.U.R.; Hayat, R.; Yasmin, H.; Noureldeen, A.; Ahmad, P. Synergistic effects of plant growth
promoting rhizobacteria and silicon dioxide nano-particles for amelioration of drought stress in wheat. Plant Physiol. Biochem.
2021, 166, 160-176. [CrossRef]

Sulaiman; Ahmad, A.; Hassim, M.EN. Effects of silica nanoparticles on morpho-histological and antioxidant activities of rice
seedlings under drought stress. S. Afr. J. Bot. 2024, 168, 497-508. [CrossRef]

Nagarajan, K.J.; Ramanujam, N.R.; Sanjay, M.R.; Siengchin, S.; Rajan, B.S.; Basha, K.S.; Madhu, P.; Raghav, G.R. A comprehensive
review on cellulose nanocrystals and cellulose nanofibers: Pretreatment, preparation, and characterization. Polym. Compos. 2021,
42, 1588-1630. [CrossRef]

Channab, B.E.; El Idrissi, A.; Essamlali, Y.; Zahouily, M. Nanocellulose: Structure, modification, biodegradation and applications
in agriculture as slow/controlled release fertilizer, superabsorbent, and crop protection: A review. J. Environ. Manag. 2024,
352,119928. [CrossRef]

Jiang, S.X,; Li, P; Li, L.; Amiralian, N.; Rajah, D.; Xu, Z.P. Effectively enhancing topical delivery of agrochemicals onto plant leaves
with nanocelluloses. Green Chem. 2023, 25, 8253-8265. [CrossRef]

Batool, T.; Alj, S.; Seleiman, M.F.; Naveed, N.H.; Ali, A.; Ahmed, K.; Abid, M.; Rizwan, M.; Shahid, M.R.; Alotaibi, M.; et al. Plant
growth promoting rhizobacteria alleviates drought stress in potato in response to suppressive oxidative stress and antioxidant
enzymes activities. Sci. Rep. 2020, 10, 16975. [CrossRef] [PubMed]

Almutairi, K.F; Gérnik, K.; Awad, RM.; Ayoub, A.; Abada, H.S.; Mosa, W.EA. Influence of selenium, titanium, and silicon
nanoparticles on the growth, yield, and fruit quality of mango under drought conditions. Horticulturae 2023, 9, 1231. [CrossRef]
Ebrahimi, H.; Mohammadi, A.S.; Nasab, S.B.; Ansari, N.A.; Juarez-Maldonado, A. Evaluation the impact of silicon nanoparticle
on growth and water use efficiency of greenhouse tomato in drought stress condition. Appl. Water Sci. 2024, 14, 196. [CrossRef]
Ranjan, A.; Sinha, R.; Singla-Pareek, S.L.; Pareek, A.; Singh, A.K. Shaping the root system architecture in plants for adaptation to
drought stress. Physiol. Plant. 2022, 174, e13651. [CrossRef] [PubMed]

Zhang, T.Q.; Zhang, W.X.; Ding, C.J.; Hu, ZM.; Fan, C.M.; Zhang, ].; Li, Z.H.; Diao, S.F; Shen, L.; Zhang, B.Y.; et al. A breeding
strategy for improving drought and salt tolerance of poplar based on CRISPR/Cas9. Plant Biotechnol. |. 2022, 21, 2160-2162.
[CrossRef] [PubMed]

Niu, ZM.; Bai, Q.X.; Lv, ].].; Tian, W.J.; Mao, K.L.; Wei, Q.Q.; Zheng, YM.; Yang, H.H.; Gao, C.Y.; Wan, D.S. The fasciclin-like
arabinogalactan protein FLA11 of Ostrya rehderiana impacts wood formation and salt stress in Populus. Environ. Exp. Bot. 2024,
219, 105651. [CrossRef]

Beckers, B.; De Beeck, M.O.; Weyens, N.; Van Acker, R.; Van Montagu, M.; Boerjan, W.; Vangronsveld, J. Lignin engineering in
field-grown poplar trees affects the endosphere bacterial microbiome. Proc. Natl. Acad. Sci. USA 2016, 113, 2312-2317. [CrossRef]
Begovic, L.; Abicic, I; Lalic, A.; Lepedus, H.; Cesar, V.; Leljak-Levanic, D. Lignin synthesis and accumulation in barley cultivars
differing in their resistance to lodging. Plant Physiol. Biochem. 2018, 133, 142-148. [CrossRef]


https://doi.org/10.3390/ijerph191912121
https://doi.org/10.1016/j.jenvman.2022.116209
https://doi.org/10.1016/j.ecoleng.2007.01.011
https://doi.org/10.1038/s41467-021-22314-w
https://doi.org/10.3390/su16145942
https://doi.org/10.3389/fpls.2022.1028553
https://doi.org/10.1016/j.scitotenv.2020.137778
https://www.ncbi.nlm.nih.gov/pubmed/32179352
https://doi.org/10.1016/j.plaphy.2020.10.011
https://www.ncbi.nlm.nih.gov/pubmed/33099119
https://doi.org/10.1038/s41598-020-74273-9
https://doi.org/10.1016/j.plaphy.2013.11.016
https://doi.org/10.3389/fpls.2017.00411
https://www.ncbi.nlm.nih.gov/pubmed/28386269
https://doi.org/10.1016/j.plaphy.2021.05.039
https://doi.org/10.1016/j.sajb.2024.03.052
https://doi.org/10.1002/pc.25929
https://doi.org/10.1016/j.jenvman.2023.119928
https://doi.org/10.1039/D3GC02995F
https://doi.org/10.1038/s41598-020-73489-z
https://www.ncbi.nlm.nih.gov/pubmed/33046721
https://doi.org/10.3390/horticulturae9111231
https://doi.org/10.1007/s13201-024-02256-6
https://doi.org/10.1111/ppl.13651
https://www.ncbi.nlm.nih.gov/pubmed/35174506
https://doi.org/10.1111/pbi.14147
https://www.ncbi.nlm.nih.gov/pubmed/37535444
https://doi.org/10.1016/j.envexpbot.2024.105651
https://doi.org/10.1073/pnas.1523264113
https://doi.org/10.1016/j.plaphy.2018.10.036

Plants 2025, 14, 1461 20 of 21

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Fang, S.; Yang, H.Y,; Duan, L.C.; Shi, J.; Guo, L. Potassium fertilizer improves drought stress alleviation potential in sesame by
enhancing photosynthesis and hormonal regulation. Plant Physiol. Biochem. 2023, 200, 107744. [CrossRef]

Liang, Y.P; Liu, H.; Fu, Y.Y,; Li, PH.; Li, S.; Gao, Y. Regulatory effects of silicon nanoparticles on the growth and photosynthesis of
cotton seedlings under salt and low-temperature dual stress. BMC Plant Biol. 2023, 23, 504. [CrossRef]

Desoky, E.5S.M.; Mansour, E.; ElI-Sobky, E.; Abdul-Hamid, M.L; Taha, T.F,; Elakkad, H.A.; Arnaout, S.; Eid, R.5.M.; El-Tarabily, K.A,;
Yasin, M.A.T. Physio-biochemical and agronomic responses of faba beans to exogenously applied nano-silicon under drought
stress conditions. Front. Plant Sci. 2021, 12, 637783. [CrossRef] [PubMed]

Bozic, M.; Micic, D.I; Andelkovic, V.; Delic, N.; Nikolic, A. Maize transcriptome profiling reveals low temperatures affect
photosynthesis during the emergence stage. Front. Plant Sci. 2025, 16, 1527447. [CrossRef]

Joshi, PS.; Agarwal, P.; Agarwal, PK. Overexpression of AINAC1 from recretohalophyte Aeluropus lagopoides alleviates drought
stress in transgenic tobacco. Environ. Exp. Bot. 2021, 181, 104277. [CrossRef]

Zou, ].C.; Zhang, Q.N.; Amoako, FK.; Ackah, M.; Li, H.N.; Shi, Y.S.; Li, ].B; Jiang, Z.].; Zhao, W.G. Genome-wide transcriptome
profiling of mulberry (Morus alba) response to boron deficiency and toxicity reveal candidate genes associated with boron
tolerance in leaves. Plant Physiol. Biochem. 2024, 207, 108316. [CrossRef]

Fei, LW.,; Chu, ].P; Zhang, X.; Dong, S.X.; Dai, X.L.; He, M.R. Physiological and proteomic analyses indicate delayed sowing
improves photosynthetic capacity in wheat flag leaves under heat stress. Front. Plant Sci. 2022, 13, 848464. [CrossRef] [PubMed]
Mathur, S.; Agrawal, D.; Jajoo, A. Photosynthesis: Response to high temperature stress. J. Photochem. Photobiol. B-Biol. 2014,
137,116-126. [CrossRef]

Wang, EE; Liu, P; Li, J.].; Xu, S.T.; Chen, H.X,; Xie, L.T. Effects of four antibiotics on the photosynthetic light reactions in the green
alga Chlorella pyrenoidosa. Comp. Biochem. Phys. C 2024, 281, 109927. [CrossRef]

Zu, X.E; Lu, YK,; Wang, Q.Q.; La, YM.; Hong, X.Y.; Tan, E; Niu, J.Y;; Xia, HH.; Wu, Y.E. Increased drought resistance 1
mutation increases drought tolerance of upland rice by altering physiological and morphological traits and limiting ROS levels.
Plant Cell Physiol. 2021, 62, 1168-1184. [CrossRef]

Avestan, S.; Ghasemnezhad, M.; Esfahani, M.; Barker, A. Effects of nanosilicon dioxide on leaf anatomy, chlorophyll fluorescence,
and mineral element composition of strawberry under salinity stress. J. Plant Nutr. 2021, 44, 3005-3019. [CrossRef]

Debona, D.; Rodrigues, F.A.; Datnoff, L.E. Silicon’s role in abiotic and biotic plant stresses. Annu. Rev. Phytopathol. 2017, 55, 85-107.
[CrossRef]

Hameed, A.; Farooq, T.; Hameed, A.; Sheikh, M. A. Silicon-mediated priming induces acclimation to mild water-deficit stress by
altering physio-biochemical attributes in wheat plants. Front. Plant Sci. 2021, 12, 625541. [CrossRef] [PubMed]

Akram, N.A.; Umm-e, H.; Ashraf, M.; Ashraf, M.; Sadiq, M. Exogenous application of L-methionine mitigates the drought-
induced oddities in biochemical and anatomical responses of bitter gourd (Momordica charantia L.). Sci. Hortic. 2020, 267, 109333.
[CrossRef]

Jan, A.U,; Hadji, F; Ditta, A.; Suleman, M.; Ullah, M. Zinc-induced anti-oxidative defense and osmotic adjustments to enhance
drought stress tolerance in sunflower (Helianthus annuus L.). Environ. Exp. Bot. 2022, 193, 104682. [CrossRef]

Zhou, H.L;; Xu, PJ.; Zhang, L.J.; Huang, RM.; Yang, M.E; Wang, K.Y.; Fan, H. Nitrogen application promotes drought-stressed
sugar beet growth by improving photosynthesis, osmoregulation, and antioxidant defense. J. Soil Sci. Plant Nutr. 2023, 23, 1272-1285.
[CrossRef]

Ali, S.; Rizwan, M.; Hussain, A.; Rehman, M.Z.U.; Ali, B.; Yousaf, B.; Wijaya, L.; Alyemeni, M.N.; Ahmad, P. Silicon nanoparticles
enhanced the growth and reduced the cadmium accumulation in grains of wheat (Triticum aestivum L.). Plant Physiol. Biochem.
2019, 140, 1-8. [CrossRef] [PubMed]

Zahedi, S.M.; Hosseini, M.S.; Hoveizeh, N.F; Kadkhodaei, S.; Vaculik, M. Comparative morphological, physiological and
molecular analyses of drought-stressed strawberry plants affected by SiO, and SiO,-NPs foliar spray. Sci. Hortic. 2023,
309, 111686. [CrossRef]

Bao, L.F; Liu, J.H.; Mao, T.Y.; Zhao, L.B.; Wang, D.S.; Zhai, Y.L. Nanobiotechnology-mediated regulation of reactive oxygen
species homeostasis under heat and drought stress in plants. Front. Plant Sci. 2024, 15, 1418515. [CrossRef]

Kusvuran, S. Microalgae (Chlorella vulgaris Beijerinck) alleviates drought stress of broccoli plants by improving nutrient uptake,
secondary metabolites, and antioxidative defense system. Hortic. Plant J. 2021, 7, 221-231. [CrossRef]

Wahi, D.; Bisht, K.; Gautam, S.; Salvi, P.; Lohani, P. Green synthesized nano silica: Foliar and soil application provides drought
endurance in Eleucine coracana. Environ. Sci. Nano 2024, 11, 3412-3429. [CrossRef]

Roach, T.; Neuner, G.; Kranner, I.; Buchner, O. Heat acclimation under drought stress induces antioxidant enzyme activity in the
alpine plant Primula minima. Antioxidants 2023, 12, 1093. [CrossRef]

Liu, C.; Sun, H.G,; Xu, Y.Z.; Wu, C. Effects of SiO, nanoparticles on root structures, gas exchange, and antioxidant activities of
Cunninghamia lanceolata seedlings under drought stress. J. Plant Nutr. 2023, 46, 3771-3793. [CrossRef]

Li, S.C. Novel insight into functions of ascorbate peroxidase in higher plants: More than a simple antioxidant enzyme. Redox Biol.
2023, 64, 102789. [CrossRef] [PubMed]


https://doi.org/10.1016/j.plaphy.2023.107744
https://doi.org/10.1186/s12870-023-04509-z
https://doi.org/10.3389/fpls.2021.637783
https://www.ncbi.nlm.nih.gov/pubmed/34603344
https://doi.org/10.3389/fpls.2025.1527447
https://doi.org/10.1016/j.envexpbot.2020.104277
https://doi.org/10.1016/j.plaphy.2023.108316
https://doi.org/10.3389/fpls.2022.848464
https://www.ncbi.nlm.nih.gov/pubmed/35401629
https://doi.org/10.1016/j.jphotobiol.2014.01.010
https://doi.org/10.1016/j.cbpc.2024.109927
https://doi.org/10.1093/pcp/pcab053
https://doi.org/10.1080/01904167.2021.1936036
https://doi.org/10.1146/annurev-phyto-080516-035312
https://doi.org/10.3389/fpls.2021.625541
https://www.ncbi.nlm.nih.gov/pubmed/33679838
https://doi.org/10.1016/j.scienta.2020.109333
https://doi.org/10.1016/j.envexpbot.2021.104682
https://doi.org/10.1007/s42729-022-01119-w
https://doi.org/10.1016/j.plaphy.2019.04.041
https://www.ncbi.nlm.nih.gov/pubmed/31078051
https://doi.org/10.1016/j.scienta.2022.111686
https://doi.org/10.3389/fpls.2024.1418515
https://doi.org/10.1016/j.hpj.2021.03.007
https://doi.org/10.1039/D4EN00275J
https://doi.org/10.3390/antiox12051093
https://doi.org/10.1080/01904167.2023.2211617
https://doi.org/10.1016/j.redox.2023.102789
https://www.ncbi.nlm.nih.gov/pubmed/37352686

Plants 2025, 14, 1461 21 of 21

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Chandrasekaran, M. Arbuscular mycorrhizal fungi mediated enhanced biomass, root morphological traits and nutrient uptake
under drought stress: A meta-analysis. J. Fungi 2022, 8, 660. [CrossRef]

Alsaeedi, A.; El-Ramady, H.; Alshaal, T.; El-Garawany, M.; Elhawat, N.; Al-Otaibi, A. Silica nanoparticles boost growth and
productivity of cucumber under water deficit and salinity stresses by balancing nutrients uptake. Plant Physiol. Biochem. 2019,
139, 1-10. [CrossRef]

Ali, M.; Afzal, S.; Parveen, A.; Kamran, M.; Javed, M.R.; Abbasi, G.H.; Malik, Z.; Riaz, M.; Ahmad, S.; Chattha, M.S.; et al. Silicon
mediated improvement in the growth and ion homeostasis by decreasing Na* uptake in maize (Zea mays L.) cultivars exposed to
salinity stress. Plant Physiol. Biochem. 2021, 158, 208-218. [CrossRef]

Chen, G,; Li, C.L,; Gao, Z.Y.; Zhang, Y.; Zhu, L.; Hu, J.; Ren, D.Y,; Xu, G.H.; Qian, Q. Driving the expression of RAA1 with a
drought-responsive promoter enhances root growth in rice, its accumulation of potassium and its tolerance to moisture stress.
Environ. Exp. Bot. 2018, 147, 147-156. [CrossRef]

Karimian, N.; Nazari, F.; Samadi, S. Morphological and biochemical properties, leaf nutrient content, and vase life of tuberose
(Polianthes tuberosa L.) affected by root or foliar applications of silicon (Si) and silicon nanoparticles (Si NPs). J. Plant Growth Regul.
2021, 40, 2221-2235. [CrossRef]

Ahire, M.L.; Mundada, P.S.; Nikam, T.D.; Bapat, V.A.; Penna, S. Multifaceted roles of silicon in mitigating environmental stresses
in plants. Plant Physiol. Biochem. 2021, 169, 291-310. [CrossRef]

Vatansever, R.; Ozyigit, L.1; Filiz, E.; Gozukara, N. Genome-wide exploration of silicon (Si) transporter genes, Lsi1 and Lsi2 in
plants; insights into Si-accumulation status/capacity of plants. Biometals 2017, 30, 185-200. [CrossRef]

Chen, H.; Wu, W.Q.; Du, K;; Yang, J.; Kang, X.Y. CCT39 transcription factor promotes chlorophyll biosynthesis and photosynthesis
in poplar. Plant Cell Environ. 2024, 48, 136-3150. [CrossRef]

Zhang, Z.L.; Zhang, A.N.; Zhang, Y.R.; Zhao, ].; Wang, Y.Y.; Zhang, L.L.; Zhang, S. Ectopic expression of HaPEPC1 from the desert
shrub Haloxylon ammodendron confers drought stress tolerance in Arabidopsis thaliana. Plant Physiol. Biochem. 2024, 208, 108536.
[CrossRef] [PubMed]

Shi, EH.; Pan, Z.].; Dai, P.E; Shen, Y.B.; Lu, Y.Z.; Han, B. Effect of waterlogging stress on leaf anatomical structure and ultrastructure
of Phoebe sheareri seedlings. Forests 2023, 14, 1294. [CrossRef]

Siddiqui, H.; Ahmed, K.B.M.; Hayat, S. Comparative effect of 28-homobrassinolide and 24-epibrassinolide on the performance of
different components influencing the photosynthetic machinery in Brassica juncea L. Plant Physiol. Biochem. 2018, 129, 198-212.
[CrossRef] [PubMed]

Salehi, A.; Tasdighi, H.; Gholamhoseini, M. Evaluation of proline, chlorophyll, soluble sugar content and uptake of nutrients in
the German chamomile (Matricaria chamomilla L.) under drought stress and organic fertilizer treatments. Asian Pac. J. Trop. 2016,
6, 886-891. [CrossRef]

Wu, X,; Li, Z.H.; Gong, L.; Li, R.X.; Zhang, X.; Zheng, Z. Ecological adaptation strategies of plant functional groups in the upper
reaches of the Tarim River based on leaf functional traits. Environ. Exp. Bot. 2023, 215, 105490. [CrossRef]

Rahman, M.; Mostofa, M.G.; Keya, S.S.; Rahman, A.; Das, A.K;; Islam, R.; Abdelrahman, M.; Bhuiyan, S.U.; Naznin, T.; Ansary,
M.U.; et al. Acetic acid improves drought acclimation in soybean: An integrative response of photosynthesis, osmoregulation,
mineral uptake and antioxidant defense. Physiol. Plant. 2021, 172, 334-350. [CrossRef]

Muiioz, V.; France, A.; Uribe, H.; Hirzel, J. Nitrogen and irrigation rates affected leaf phosphorus and potassium concentrations in
different cultivars of pot-grown blueberry. J. Soil Sci. Plant Nutr. 2023, 23, 965-973. [CrossRef]

Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative Ct method. Nat. Protoc. 2008, 3, 1101-1108.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/jof8070660
https://doi.org/10.1016/j.plaphy.2019.03.008
https://doi.org/10.1016/j.plaphy.2020.10.040
https://doi.org/10.1016/j.envexpbot.2017.12.008
https://doi.org/10.1007/s00344-020-10272-4
https://doi.org/10.1016/j.plaphy.2021.11.010
https://doi.org/10.1007/s10534-017-9992-2
https://doi.org/10.1111/pce.15329
https://doi.org/10.1016/j.plaphy.2024.108536
https://www.ncbi.nlm.nih.gov/pubmed/38507839
https://doi.org/10.3390/f14071294
https://doi.org/10.1016/j.plaphy.2018.05.027
https://www.ncbi.nlm.nih.gov/pubmed/29894860
https://doi.org/10.1016/j.apjtb.2016.08.009
https://doi.org/10.1016/j.envexpbot.2023.105490
https://doi.org/10.1111/ppl.13191
https://doi.org/10.1007/s42729-022-01096-0
https://doi.org/10.1038/nprot.2008.73

	Introduction 
	Results 
	Characteristics of Nanomaterials 
	Effects on Plant Growth 
	Effects on Photosynthesis 
	Effects on Leaf Anatomical Structure 
	Effects on MDA, Osmotic Adjustment Substances, and Antioxidant Enzyme Activity 
	Effects on Nitrogen, Phosphorus, Potassium, and Silicon Accumulation 
	Transcriptome Analysis of Leaves Under Different Treatments 

	Discussion 
	Materials and Methods 
	Experimental Materials 
	Experimental Design 
	Growth Parameters and Biomass Measurement 
	Chlorophyll and Gas Exchange Parameter Measurement 
	Leaf Anatomical Structure Analysis 
	MDA, Osmotic Regulators, and Antioxidant Enzyme Activity Measurement 
	Determination of Nitrogen, Phosphorus, Potassium, and Silicon Content 
	RNA Extraction, Library Construction, and Sequencing 
	Transcriptomic Data Analysis 
	Quantitative Real-Time PCR Validation 
	Statistical Analysis 

	Conclusions 
	References

