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ABSTRACT: Silica nanoparticles (SiO2 NPs) have potential for mitigating salt stress in crops; however, the effects of surface
modifications in enhancing their effectiveness remain unclear. This study investigated the effects of pristine and functionalized SiO2
NPs (SiO2-NH2 and SiO2-COOH) on soybean growth, root metabolism, and microbiome dynamics under 200 mM NaCl stress. All
SiO2 NPs treatments significantly reduced Na+/K+, with SiO2-COOH NPs showing the greatest efficacy, reducing by 46.6%.
Enhanced salt tolerance correlated with altered root metabolism, including increased L-tyrosine, uridine, and indole-3-acetamide
levels and enrichment of stress-response pathways. Furthermore, SiO2-COOH NPs enhanced microbial diversity, increasing the
abundance of beneficial genera Variovorax and Pseudomonas in the endosphere, and Haliangium and Arthrobacter in the rhizosphere.
Microbe-metabolite correlations suggest that altered root exudation under functionalized SiO2 NPs treatments selectively recruits
beneficial bacteria, enhancing salt tolerance. These findings highlight the potential of functionalized SiO2 NPs, particularly SiO2-
COOH, as nanoenabled biostimulants for sustainable agriculture.
KEYWORDS: silica nanoparticles, surface modification, Na+/K+, root exudates, rhizobacteria

■ INTRODUCTION
Soil salinity poses a significant threat to global food security by
severely impairing crop growth and productivity.1 This
widespread problem arises from the accumulation of sodium
(Na+) and chloride (Cl−) ions in the soil, leading to
hyperosmotic conditions that disrupt plant water and nutrient
uptake.2 Excessive Na+ disrupts ion homeostasis within plant
cells, which hinders the absorption of essential nutrients like
K+, Ca2+, Mg2+, and Zn2+, ultimately compromising key
physiological processes such as photosynthesis and metabo-
lism.3,4 Soybean (Glycine max L.) is a globally important
legume crop and a significant source of protein and oil for
human and animal consumption.5 However, soybean is
particularly susceptible to salt stress, especially during the
seedling stage.6 Excessive Na+ accumulation in soybean tissues
can lead to oxidative damage, disrupting membrane systems,
degrading proteins, and impairing photosynthetic capacity,
ultimately resulting in reduced yield and quality.7,8 Soil
salinization poses a significant challenge to soybean produc-
tion, and developing effective strategies to enhance soybean
salt tolerance is, therefore, essential for safeguarding food
security and meeting the growing demand for this valuable
crop.
Silicon (Si) has emerged as a beneficial element that can

alleviate various abiotic stresses in plants.9 Traditional Si
amendments, such as silicate fertilizers, have shown some
success in mitigating salt stress by promoting root develop-
ment and reducing the adverse effects of NaCl accumulation.10

However, their effectiveness of these conventional methods is

often limited by poor Si bioavailability and inefficient plant
uptake.11 Recent advances in nanotechnology present a
promising alternative, offering a more sustainable approach
to enhancing plant Si nutrition and stress tolerance.
Silica nanoparticles (SiO2 NPs) have shown considerable

potential in enhancing plant salt tolerance. Compared to
conventional agrichemicals, SiO2 NPs exhibit unique phys-
icochemical properties, such as high surface area and reactivity,
which improve the delivery and uptake of Si in plant tissues.12

Studies have demonstrated that SiO2 NPs can notably alleviate
salt stress by reducing Na+ accumulation, improving K+/Na+
ratio;13 enhancing nutrient uptake;14 increasing osmolyte
production like proline;7 and strengthening antioxidant
defenses.15 Although these results are promising, there is still
potential to make pristine SiO2 NPs even more effective.
Functionalizing SiO2 NPs with specific chemical groups

provides an opportunity to optimize their interactions with
plants and the surrounding soil environment, potentially
improving their uptake, targeting specific cellular compart-
ments, and modulating their biological activity.16 The choice of
functional groups is crucial for determining the effectiveness of
nanoparticles in biological systems. In this study, we selected
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amino (−NH2) and carboxyl (−COOH) groups for
functionalization based on two considerations. First, both
amino and carboxyl groups can increase the hydrophilicity and
dispersibility of SiO2 NPs in aqueous solutions,17 which is
crucial for their uptake and translocation in plants. Second,
these functional groups can introduce positive (NH2) or
negative (COOH) charges on the nanoparticle surface,
potentially influencing their interactions with negatively
charged cell walls and membranes of plant cells,18 as well as
with charged soil components. Various functional groups,
including APTES (3-aminopropyltriethoxysilane) and amino
acids, have been explored to enhance the efficiency19,20 and
biocompatibility of SiO2 NPs under stress conditions.

21 These
modifications can reduce the surface polarity of SiO2 NPs,
potentially altering their interactions with plant cells and soil
components. Despite these advancements, the potential of
functionalized SiO2 NPs for enhancing plant salt tolerance has
not been fully explored.
In addition to their direct effects on plants, SiO2 NPs may

influence the plant-associated microbiota, which plays a crucial
role in plant health and productivity.22 The rhizosphere and
root endosphere host diverse microbiota that interact
symbiotically with plants, aiding in nutrient absorption,
pathogen resistance, and environmental adaptation.23,24

These microbial communities are particularly important in
assisting plants to cope with salt stress.25,26 For instance,
inoculating the soybean rhizosphere with beneficial bacteria
like Pseudomonas pseudoalcaligenes and Bacillus subtilis has been
shown to enhance salt tolerance.27 SiO2 NPs have also been
reported to stimulate the growth of plant growth-promoting
rhizobacteria (PGPR) and increase the total soil bacterial
population in the soil, suggesting their potential as effective
tools for enhancing PGPR activity in the rhizosphere.28

Moreover, short-term application of silicate fertilizer in rice
cropping systems has been shown to markedly altered the soil
microbiome, enhancing functions related to labile carbon
degradation, carbon and nitrogen fixation, and phosphorus
acquisition.29 However, studies on the response of root-
associated microbes to pristine and functionalized SiO2 NPs
application, particularly under stress conditions, remain
limited.
This study addresses this gap by investigating the effects of

pristine and functionalized SiO2 NPs (SiO2-NH2 and SiO2-
COOH NPs) on soybean salt tolerance. We hypothesize that
functionalized SiO2 NPs, with their altered surface properties,
will be more effective in mitigating salt stress in soybean
compared to pristine SiO2 NPs. Specifically, we propose that
these surface modifications enhance the nanoparticles’ ability
to (1) modulate root exudate profiles, leading to the release of
signaling molecules that promote beneficial plant-microbe
interactions; and (2) interact selectively with soil components
and rhizosphere microbes, thereby creating a more favorable
microenvironment to support plant growth under salt stress
conditions. To test this hypothesis, we assessed the impact of
pristine and functionalized SiO2 NPs on soybean growth, the
Na+/K+ ratio, root exudate profiles, and root bacterial
community structure under salt stress. This study enhances
our understanding of how pristine and functionalized nano-
materials can be applied to sustainable agricultural practices.

■ MATERIALS AND METHODS
Synthesis and Characterization of SiO2-NH2 and SiO2-COOH

NPs. Pristine SiO2 NPs (20 nm, 99 wt %) were purchased from

XFNANO Materials Tech Co., Ltd. (Jiangsu, China). Amino-
functionalized SiO2 NPs (SiO2-NH2 NPs) were synthesized by
treating pristine SiO2 NPs with 3-aminopropyltriethoxysilane
(APTES) according to the method described by Hiebner et al.30

Subsequently, the SiO2-NH2 NPs were reacted with succinic
anhydride to obtain carboxyl-functionalized SiO2 NPs (SiO2-COOH
NPs), following the procedure described by Rehman et al.31

Additional details regarding the synthesis can be found in the
Supporting Information.
Plant Materials and Growth Conditions. Soybean (Zhong-

huang13) seeds were purchased from the Hongfeng High-tech Seed
Industry (Henan, China). The soil used in this study was collected
from Yangling, Shaanxi, China (34°12′ N, 108° E). The
physicochemical properties of the soil were as follows: pH (1:2.5
soil: water) 8.32 ± 0.03; electrical conductivity (EC) 94.25 ± 4.9 μS
cm−1; AP 9.57 ± 0.24 mg kg−1; NH4

+-N 1.19 ± 0.12 mg kg−1; NO3
−-

N 8.49 ± 0.74 mg kg−1; and SOM 12.65 ± 1.48 g kg−1. The final Na+
content in the soil was 1.17 g/kg. More details on seed germination
and soil pretreatment can be found in the Text S2.
Pot Experiment. To explore the effects of functionalized SiO2

NPs on soybean growth under salt stress, five treatments were
designed: (1) Control (nonsalt stress); (2) NaCl (200 mM NaCl salt
stress); (3) SiO2 (pristine SiO2 NPs + salt stress); (4) SiO2-NH2
(SiO2-NH2 NPs + salt stress); (5) SiO2-COOH (SiO2-COOH NPs +
salt stress). For the NPs treatments, pristine SiO2 NPs, SiO2-NH2
NPs, and SiO2-COOH NPs were added to the soil at a final silicon
application rate of 1 g of SiO2/kg of dry soil. Each treatment with six
replicates. Six uniformly grown soybean seedlings were selected and
transplanted into pots. After 1 week, the seedlings were thinned to
three plants per pot. The pots were maintained at 60% of the field
capacity in an artificial climate chamber (College of Life Science,
Northwest A&F University, China) at 25 °C/20 °C (day/night) and
the relative humidity was maintained at 50−60% with a 14 h
photoperiod. Regular irrigation with deionized water was carried out
every 5 days, and soybeans were harvested after 1 month of growth.
Determination of Soybean Growth and Physiological

Properties. After 30 days of cultivation (R4 growth stage), the
photosynthetic rate, stomatal conductance, and transpiration rate of
soybeans were measured under adequate light using a portable
photosynthesis system (LI-6400xt, LI-COR Inc., Lincoln, NE).32 The
value of SPAD (Soil and Plant Analyzer Development) was
determined by SPAD-502 (Spectrum Technologies, Plainfield, IL).
The fresh weights of the shoots and roots were recorded separately.
Root traits, including total root length and number of root tips, were
analyzed using root scanning (WinRHIZO, Regent, Canada).
Afterward, the root systems of each plant were dried to a constant
weight. Dried samples were ground for ion analysis. The
concentrations of Na+ and K+ were measured by a flame photometer
(ZA3000, Hitachi, Japan),33 and Si content was measured using
inductively coupled plasma mass spectrometry (ICP-MS) (Agilent
7900).34

Determination of Soil Physical and Chemical Properties.
Soil available potassium (AK) was determined by flame photometry
after extraction with ammonium acetate solution.35 AP was
determined with the Olsen method.36 NH4

+-N and NO3
−-N were

extracted using 1 M potassium chloride (KCl) and measured using an
AA3 Continuous Flow Analyzer (Skalar SAN, SKALAR, Breda).35

The SOM content was analyzed using a TOC-HT1300 total organic
carbon analyzer (Analytikjena, Germany), following the method
described by Yu et al.37

Collection of Root Exudates and Metabolomic Analysis.
Roots were cleaned using sterile water and transferred to plastic
containers with 100 mL of dd H2O.

38 After 24 h, the culture media
were filtered through 0.22 μm filter membranes and freeze-dried. All
samples were stored at −80 °C until analysis. Metabolomic analysis
was conducted on six biological replicates for each treatment. Root
exudate components were determined by liquid chromatography−
mass spectrometry (LC-MS). Further details on sample analysis by
LC-MS and data processing can be found in the Text S3.
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16S rRNA Amplicon Sequencing of Rhizosphere and
Endophytic Bacteria. The bacterial community composition was
analyzed by high-throughput sequencing of the 16S rRNA gene.39

The total DNA was extracted from 0.5 g of rhizosphere soil and 0.5 g
of roots using a FastDNA SPIN Kit for Soil (MP Biomedicals). The
concentration and purity of the extracted DNA were measured using a
Nanodrop 2000 (Thermo Fisher Scientific, MA). The 16S rRNA
genes were amplified using primer pairs 799F: 1193R (targeting the
V5−V7 region of the marker gene) for roots and 515F: 926R (V4−
V5) for soils.40 Sequencing procedure was performed with an Illumina
MiSeq platform at Guangdong Magigene Biotechnology Co., Ltd.
(Guangzhou, China). Data processing details are provided in the Text
S4.
Statistical Analysis. All figures were drawn with GraphPad Prism

9 graphical software and the “ggplot2” package in R software (version
4.3.2).41 Differences between treatments were further assessed by
Duncan’s multiple range test with a significance level of p < 0.05,
following one-way analysis of variance (ANOVA) using SPSS 16.0
software (SPSS Inc., Chicago, IL).42 Each treatment included six
replicates. The α diversity of the microbial communities was
estimated by using the Shannon and Chao1 indices based on the
observed ASVs. β diversity was assessed through principal coordinate
analysis (PCoA) based on Bray−Curtis distance. Analysis of
similarities (ANOSIM) was performed using the Adonis function in
the “vegan” package in R. Prediction of the functional potential of
rhizosphere and endosphere bacterial communities using PIC-
RUSt2.43 Differential abundance KEGG pathway analysis was
performed using STAMP software with the proportion difference
test and the Benjamini−Hochberg FDR correction. Partial least-
squares discriminant analysis (PLS-DA) was performed on the
preprocessed metabolomics data using MetaboAnalyst 5.0.44 Differ-
ential metabolites were screened by VIP > 1, p < 0.05, and |log2FC| >
1.45 The Spearman correlation between microbial relative abundance,
Na+/K+ ratio, and metabolite content was calculated by “psych”
package, retaining only those significant (p < 0.05).46 Correlations
with p < 0.05, |r| > 0.6 were selected for network construction, and the

network was visualized using Cytoscape 3.10.1.41 We identified
putative keystone metabolites and ASVs based on network topology
using a fast greedy algorithm to calculate within-module connectivity
(Zi) and among-module connectivity (Pi) for each node. Nodes with
Zi > 2.5 were designated as module hubs, while nodes with Pi > 0.62
were designated as connectors among different modules. Nodes with
both Zi > 2.5 and Pi > 0.62 were designated as network hubs.47

■ RESULTS AND DISCUSSION
Characterization of Pristine and Functionalized SiO2

NPs. We characterized three types of SiO2 NPs using scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), Fourier transform infrared spectrometry (FT-IR), and
ζ-potential measurements. The pristine SiO2, SiO2-NH2, and
SiO2-COOH NPs exhibited spherical morphology with average
hydrodynamic diameters of 27.7 ± 1.7, 47.9 ± 1.8, and 37.8 ±
2.2 nm, respectively (Figure S1D). The typical absorption
bands at 961 and 1088 cm−1 shown in Figure S1C can be
assigned to the characteristic bands of Si, and the weak peak at
2900 cm−1 corresponds to the stretching vibration of C−H.
Compared with the spectra for pristine SiO2 and SiO2-NH2
NPs, a new peak at 1500−2000 cm−1 in the spectra of SiO2−
COOH NPs appears, which can be assigned to the C�O
stretch vibration band. FT-IR analysis confirmed the successful
functionalization of the SiO2 NPs, with amino and carboxyl
groups effectively attached to the nanoparticle surfaces (Figure
S1C). ζ-potential analysis indicated the surface charges for
each type: −28.7 ± 2.1 mV for pristine SiO2 NPs, 12.2 ± 0.9
mV for SiO2-NH2 NPs, and −13.6 ± 0.6 mV for SiO2-COOH
NPs (Figure S1E). These different functional groups present
on the nanoparticle surface affect the surface charge and reduce
the surface polarity of SiO2 NPs, which impact their
interactions with plant and soil environments.48

Figure 1. Scanning photographs of root (A), shoot fresh weight (B), root fresh weight (C), total root length (D), and number of root tips (E) of
soybeans under different treatments. Data are shown as mean ± SE, with n = 6. Lowercase letters show the significant differences across treatments
(p < 0.05). Control: nonsalt stress, NaCl: salt stress, SiO2: pristine SiO2 NPs + salt stress, SiO2-NH2: SiO2-NH2 NPs + salt stress, SiO2-COOH:
SiO2-COOH NPs + salt stress.
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Effects of Pristine and Functionalized SiO2 NPs on
Soybean Growth. To investigate the effects of SiO2 NPs on
soybean under salt stress, we examined changes in plant
growth and root development in both salt-stressed and SiO2
NPs treated plants. Compared to the nonstressed control, salt
stress caused a significant reduction in plant biomass and root
development, with reductions in shoot fresh weight (13.8%),
root fresh weight (24.5%), total root length (43.5%), and root
tip number (44.6%) (Figure 1 B−E). However, soybean plants
treated with both pristine and functionalized SiO2 NPs
exhibited significantly improvements in growth, especially in
root architecture, compared to those under NaCl stress (Figure
1 A). Both pristine and functionalized SiO2 NPs treatments led
to significant increases in shoot fresh weight (11.9−13.1%),
root fresh weight (22.3−30.1%), total root length (79.1−
93.8%), and the number of root tips (68.6−87.7%) (p < 0.05,
Figure 1B−E) compared with NaCl treatment. These
parameters did not differ significantly from the nonsalt stress
group (p > 0.05), indicating that salt stress inhibited soybean
growth and root development, but the application of SiO2 NPs
effectively mitigated these adverse effects.49 A robust root
system is crucial for efficient water and nutrient uptake,
especially in saline conditions.50 The observed increases in root
length and number of root tips likely contribute to more
effective water and nutrient absorption, thus supporting
improved plant growth even in high-salinity conditions.
However, no significant differences were observed between

the effects of pristine and functionalized SiO2 NPs (p > 0.05).
The absence of significant differences in growth parameters
between pristine and functionalized SiO2 NPs may be
attributed to several factors. First, the similar Si content in
soybean tissues across all NPs treatments (Figure S3B,C)
suggests comparable Si uptake and accumulation, which could
explain the similar growth responses. Second, our experiment
focused on the early growth stages of soybean (30 days
postplanting). The effects of surface functionalization on
growth may become more pronounced at later developmental
stages under prolonged salt stress exposure.
In addition, compared with the control, salt stress

significantly affected the photosynthetic parameters of plants
(Figure 2 A−C). In particular, the photosynthetic rate,
stomatal conductance, and transpiration rate decreasing by
18.7, 34.0, and 22.2%, respectively. In comparison to salt-
stressed plants, SiO2-COOH treatment significantly enhanced
the photosynthetic parameters in soybean. Specifically, the
photosynthetic rate, stomatal conductance, and transpiration
rate were increased by 1.32-, 1.61-, and 1.50-fold, respectively
(Figure 2 A−C). Compared with NaCl, the SPAD value
increased by 25.6% under SiO2-COOH NPs treatment, and a
similar significant increase (19.3%) was observed under SiO2-
NH2 NPs treatment (Figure S3A). This is consistent with the
results of Lu et al.,51 who found that the chlorophyll content of
Arabidopsis thaliana was increased under the treatment of
amine-functionalized SiO2 NPs. Additionally, the observed

Figure 2. Photosynthetic rate (A), stomatal conductance (B), transpiration rate (C), Na+ content (D), K+ content (E), and Na+/K+ ratio (F) of
soybean under different treatments. Data are shown as mean ± SE, n = 6. Letters show the significant differences across treatments (p < 0.05).
Control: nonsalt stress, NaCl: salt stress, SiO2: pristine SiO2 NPs + salt stress, SiO2-NH2: SiO2-NH2 NPs + salt stress, SiO2-COOH: SiO2-COOH
NPs + salt stress.
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increase in stomatal conductance (Figure 2 B) suggests that
functionalized SiO2 NPs may improve stomatal regulation
under salt stress. By promoting stomatal opening, these NPs
could enhance CO2 availability for photosynthesis.52 Fur-
thermore, salt stress often leads to excessive Na+ accumulation,
which disrupts cellular osmotic balance, causes water deficit,
and impairs photosynthetic function. By reducing Na+
accumulation and maintaining K+ homeostasis, functionalized
SiO2 NPs may alleviate osmotic stress, thereby creating a more
favorable intracellular environment for photosynthesis activ-
ity.53 Our findings suggest that functionalized SiO2 NPs may
exert comparable effects in soybeans, promoting photosyn-
thesis under salt stress conditions.
Maintaining a balanced Na+/K+ ratio is vital for plant

survival under salinity stress, as it directly impacts osmotic
adjustment, nutrient acquisition, and enzyme activity.54

Previous studies have shown that Si application can reduce
Na+ uptake and translocation while increasing K+ uptake under
salinity stress.55 Consistent with these observations, our results
demonstrated that both pristine and functionalized SiO2 NPs
significantly reduced Na+ accumulation and promoted K+
uptake in soybeans, leading to a reduction in the Na+/K+
ratio (Figure 2 D−F). Compared to the control, the Na+/K+
ratio significantly increased in plants under salt stress with a
1.4-fold increase in shoots and a 2.6-fold increase in roots.
However, both pristine and functionalized SiO2 NPs
significantly reduced the Na+/K+ ratio, with reductions ranging
from 14.8 to 46.6% in roots and from 18.0 to 44.9% in shoots,
compared to NaCl. Notably, functionalized SiO2 NPs,
especially SiO2-COOH NPs, exhibited a more pronounced
effect in lowering the Na+/K+ ratio than pristine SiO2 NPs,
even though the Si content remained consistent across all three
treatments (Figure S3B,C). This observation suggests that the
enhanced efficacy of functionalized SiO2 NPs is likely due to
their modified surface properties. Specifically, the carboxyl
groups on SiO2-COOH NPs play a crucial role in regulating
ion uptake at the root-soil interface.56 These functional groups
can directly interact with Na+ in the soil solution, effectively
binding Na+ and reducing its availability for plant uptake.21 By
reduction of Na+ accumulation in plant tissues, this mechanism
alleviates salt stress, thereby supporting overall plant growth
and physiological performance. Furthermore, the presence of
carboxyl groups on the nanoparticle surface may also influence
the expression and activity of ion transporters in plant roots.57

Metabolic Response of Soybean Roots to Exposure
of Pristine and Functionalized SiO2 NPs. Root exudates,
complex mixtures of organic compounds secreted by plant
roots, play a crucial role in mediating plant-microbe
interactions and shaping the rhizosphere environment.58 Our
study shows that the application of SiO2 NPs can promote root
development and reduce the Na+/K+ ratio, which directly
affects root metabolism. To explore the metabolic response of
soybean exposure to pristine and functionalized SiO2 NPs
under salt stress. We analyzed root exudates from five
treatments (control, NaCl, SiO2, SiO2-NH2, and SiO2-
COOH) using a metabolomics approach based on LC-MS/
MS. A total of 920 root metabolites were identified. The partial
least-squares discriminant analysis (PLS-DA) of all detected
metabolites revealed clear separation between the NPs treated
groups and the NaCl group along the first principal component
axis (Figure S4A,B). Moreover, analysis of similarities
(ANOSIM) indicated that SiO2 NPs significantly affected
root metabolite profiles under salt stress (Table S4). We

identified and extracted differentially expressed metabolites
(DEMs) across seven groups: Control vs NaCl, SiO2 vs NaCl,
SiO2-NH2 vs NaCl, SiO2-COOH vs NaCl, SiO2-NH2 vs SiO2,
SiO2-COOH vs SiO2, and SiO2-COOH vs SiO2-NH2.
Compared to the control, plants subjected to salt stress
showed an increase in the secretion of lipids and lipid-like
molecules. However, the addition of SiO2 NPs reduced the
secretion of these molecules and increased the secretion of
organic heterocyclic compounds, as well as amino acids,
peptides, and analogs (Figure S4C,D). These changes are
beneficial for maintaining root osmotic pressure, thereby
reducing Na+ absorption and alleviating Na+/K+ imbalance.7

To further understand the functional significance of these
metabolic changes, KEGG pathway analysis was performed to
identify the most significantly enriched pathways (Figure S5).
The analysis identified significant enrichment of 6 pathways in
the SiO2 vs NaCl, 7 pathways in the SiO2-NH2 vs NaCl, and 6
pathways in SiO2-COOH vs NaCl, primarily associated with
amino acid metabolism, including arginine and proline
metabolism pathways. These findings highlight the critical
role of amino acid metabolism in plant responses to salt stress.
Amino acids contribute to osmotic adjustment, reactive oxygen
species (ROS) detoxification, and the maintenance of protein
synthesis under saline conditions.59 Proline, for example,
mitigates the detrimental effects of osmotic stress on cell turgor
and enzyme activity.60 Arginine serves as a precursor for
polyamine biosynthesis; these osmoprotectants contribute to
preserving cellular integrity and function during stress.61 Under
salt stress, the secretion of amino acid metabolites in soybean
roots was significantly reduced. However, all three types of
SiO2 NPs treatments significantly upregulated metabolites in
amino acid metabolism, including L-tyrosine (26.02−60.45-
fold), L-tryptophan (1.43−2.26-fold), L-phenylalanine (17.33−
36.94-fold), and tryptamine (1.95−2.56-fold). Additionally,
metabolites in the indole alkaloid metabolism, such as 3-
indoleacetonitrile (4.93−11.48-fold), indole-3-acetamide
(6.32−7.03-fold), as well as uridine (6.23−9.96-fold) in the
purine metabolism, were significantly upregulated. Impor-
tantly, SiO2-NH2 NPs induced the highest increase in 3-
indoleacetonitrile levels compared to other treatments (Figure
S6). These metabolites are essential for plant osmoregulation,
accumulating as compatible solutes in plant cells to maintain
cell expansion under osmotic stress.62,63 Amino acids, such as
L-tryptophan, serve as precursors for signaling molecules that
enhance plant defense responses, potentially improving stress
tolerance.64 Specifically, L-tyrosine is a precursor for the
biosynthesis of various secondary metabolites involved in plant
stress responses, including flavonoids, lignin, and salicylic acid.
Flavonoids are known to possess antioxidant properties and
can scavenge ROS generated under salt stress. The increased
production of L-tyrosine observed in our study may therefore
contribute to enhanced salt tolerance in soybean by promoting
the biosynthesis of these protective compounds.65 Indole-3-
acetamide, a key precursor in the indole-3-acetic acid (IAA)
biosynthesis pathway, promotes root development, which is
essential for maintaining water and nutrient uptake and thus,
improving plant survival and growth under salt stress.66,67

These findings highlight the critical role of specific metabolites
in enhancing plant resilience under salt stress.
Microbial Community Response in Endosphere and

Rhizosphere to Pristine and Functionalized SiO2 NPs.
High-throughput sequencing of bacterial 16S rRNA genes was
performed to assess the responses of endosphere and
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rhizosphere microbial communities to different types of SiO2
NPs (Figures 4 and S7). In the rhizosphere, while the Chao1
and Shannon indices under salt stress did not differ
significantly from those of the control, they were significantly
reduced with the addition of pristine SiO2 and SiO2-NH2 NPs
(Figure 4A,B). The PCoA analysis showed that all three types
of SiO2 NPs induced significant changes in rhizosphere
bacterial community structure compared to the NaCl
(ANOSIM, p < 0.001, Figure 4 C). In this study, pristine
and functionalized SiO2 NPs altered both the structure and
composition of both the rhizosphere and endophytic bacterial
communities, suggesting that these treatments may help plants
recruit specific root-associated bacteria to mitigate salt stress
(Figure 4 D). Proteobacteria were notably abundant in both
rhizosphere and endosphere samples (Figure S7D), consistent
with their role as dominant halophilic/halotolerant phylotypes
in saline soils.68

A total of 307 bacterial genera were identified, with the 30
most abundant genera selected for further analysis (Figure 4
E). In the rhizosphere, pristine SiO2 NPs enriched the genus
RB41 (2.52-fold), while SiO2-NH2 NPs enriched both RB41
(2.58-fold) and Arthrobacter (1.69-fold). SiO2-COOH treat-
ment resulted in the enrichment of Arthrobacter (2.20-fold),
Gaiella (1.29-fold), and Rubrobacter (2.50-fold) in Actino-

bacteria, and Pseudomonas (2.81-fold), Luteimonas (1.80-fold),
Ellin6067 (1.30-fold), and Acidibacter (1.43-fold) in Proteo-
bacteria, Gemmatimonas (1.32-fold), and Haliangium (1.82-
fold). Several of these genera, including RB41, Arthrobacter,
Ellin6067, Gemmatimonas, and Haliangium, were significantly
and negatively correlated with the Na+/K+ ratio in soybean
roots (p < 0.05, Figure S8B). These genera are known for their
plant growth-promoting activities, such as nitrogen fixation,
phosphate solubilization, and production of phytohor-
mones.69,70 For instance, Arthrobacter, frequently found in
the rhizosphere of salt-tolerant plants, is known to alleviate salt
stress by modulating plant hormone levels,71 particularly
IAA,72 which helps maintain Na+/K+ homeostasis in plant
tissues, thereby enhancing salt tolerance. These findings
suggest that functionalized SiO2 NPs, especially SiO2-COOH
NPs, may selectively enrich beneficial microbial communities
in the rhizosphere, contributing to improved salt tolerance in
soybean.
To investigate the functional implications of the observed

shifts in rhizosphere microbial communities, we employed
PICRUSt2 to predict the functional potential of the bacterial
communities based on their 16S rRNA gene profiles (Figures 4
F and S10). Specifically, SiO2-COOH NPs treatment
significantly upregulated genes related to Na+ extrusion, K+

Figure 3. Metabolic pathway network signature of primary and secondary metabolites regulated by pristine and functionalized SiO2 NPs (SiO2-
NH2 and SiO2-COOH NPs) in soybean roots. The heatmaps of each metabolite were inserted underneath; four boxes from left to right in each row
represent the control, NaCl, SiO2, SiO2-NH2, and SiO2-COOH, respectively. The log2 value of the relative content of metabolite in the heatmaps
shares the color bar placed on the right of the figure.
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uptake, and osmotic solute accumulation compared to NaCl,
pristine SiO2, and SiO2-NH2 NPs. The enhanced Na+
extrusion capacity in the rhizosphere could contribute to a
more efficient exclusion of Na+ from the root zone, mitigating
the detrimental effects of Na+ toxicity on plant cells.73

Simultaneously, the upregulation of K+ uptake genes could
improve K+ acquisition by plants, helping maintain a favorable
cytosolic K+/Na+ ratio essential for various cellular processes
under salt stress.74 Furthermore, the increased expression of
genes related to osmolyte accumulation, such as proline and
glycine betaine biosynthesis, could enhance the production of
osmoprotectants by rhizosphere microbes.75 These osmopro-
tectants can then be taken up by plants, contributing to
osmotic adjustment and cellular protection under salt stress.76

The observed enrichment of specific metabolic pathways under
SiO2-COOH NPs treatment compared with NaCl, as revealed
by STAMP analysis, further strengthens the link between
rhizosphere microbiome function and soybean salt tolerance
(Figure S10). For instance, the enrichment of arginine and

proline metabolism could contribute to enhanced osmoregu-
lation in soybean under salt stress, as both arginine and proline
are important precursors for the synthesis of osmoprotec-
tants.60 In addition, functional expressions, such as biofilm
formation and flagellar assembly, were also significantly
enriched. These functional changes in the rhizosphere
microbiome, coupled with the increased abundance of
beneficial bacteria such as Arthrobacter and Pseudomonas,
likely contribute to the enhanced salt tolerance observed in
SiO2-COOH-treated plants. This highlights the potential of
SiO2-COOH NPs, to not only shape the structure of the
rhizosphere microbiome but also modulate its function in a
way that benefits plant growth and stress tolerance. For more
details on changes in the structure and function of bacterial
communities within roots, see the Text S5.
Soil Nutrients. To evaluate the effect of SiO2 NPs addition

on soil nutrient availability under salt stress, we measured soil
NH4

+-N, NO3
−-N, AK, SOM, and AP contents under different

treatments. After 30 days of planting, the AK and AP contents

Figure 4. Rhizosphere microbial community responses under different treatments. Chao1 (A) and Shannon index (B) of bacterial communities.
(C) Principal coordinate analysis (PCoA) of rhizosphere bacterial communities at the ASV level based on the Bray−Curtis distance. Different
ellipses represent 95% confidence intervals from five treatment samples, respectively. (D) Relative abundance at the phylum level. (E) Heat map of
the top 30 genera. (F) Differences in salt-resistance genes of rhizosphere bacteria. Letters indicate significant differences among different treatments
at the p < 0.05 level (one-way ANOVA). Control: nonsalt stress, NaCl: salt stress, SiO2: pristine SiO2 NPs + salt stress, SiO2-NH2: SiO2-NH2 NPs
+ salt stress, SiO2-COOH: SiO2-COOH NPs + salt stress.
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of soil were significantly reduced by 13.5% and 19.3% under
salt stress, compared to the control (Figure S12C−E). The
addition of both pristine and functionalized SiO2 NPs
significantly altered soil nutrient content under salt stress.
Notably, SiO2-COOH NPs resulted in significant increases in
NH4

+-N (259.7%), and NO3
−-N (35.1%) compared to the

NaCl treatment. In addition, SOM, AK, and AP contents also
increased significantly under SiO2 NPs treatments. Metab-
olomics analysis of root exudates revealed a significant
enrichment of amino acid metabolic pathways and increased
secretion of several amino acids under SiO2-COOH NPs
treatment (Figures 3, S4, and S5). These amino acids could
serve as substrates for microbial nitrogen cycling processes,
such as ammonification and nitrification.77,78 Furthermore,
SiO2-COOH NPs enriched several bacterial genera known to
be involved in nitrogen cycling, such as Arthrobacter,
Pseudomonas, and Gaiella (Figure 4). The enrichment of
these genera in the rhizosphere of SiO2-COOH NPs treated
plants could have enhanced the mineralization of organic
nitrogen in the soil, making it more available as NH4

+-N and
NO3

−-N.79,80 In contrast, pristine SiO2 NPs mainly enhanced
available phosphorus (AP) by 163.7%, while SiO2-NH2 NPs
notably increased NH4

+-N by 105.3% (Figure S12A). These
results highlight the enhanced impact of SiO2-COOH NPs on
improving nitrogen availability, which is critical for plant
growth under salt stress conditions.81 Nutrients, such as
nitrogen and phosphorus, are vital for plant growth and stress
resilience. P is essential for root development and energy
metabolism, while N is key to protein synthesis and
chlorophyll formation, which in turn increases photosyn-
thesis.82 Zhang et al.83 found that N supplementation led to
increased proline and chlorophyll accumulation, reduced
malondialdehyde levels, as well as regulated hormone homeo-
stasis, thereby improving the salt tolerance of grape seedlings.

Metabolite-Microbe Rhizosphere Network Interac-
tions. Taxon-specific responses to individual rhizosphere
metabolites could be an important driver of the rhizosphere
bacterial community assembly. Therefore, co-occurrence
network analysis was employed to explore the complex
interplay between root exudate metabolites and rhizosphere
microbial communities under SiO2 NPs treatment. In the
constructed network of rhizosphere ASVs and DEMs (Figure 5
A), 116 ASVs were connected to 21 metabolites via 429 links,
comprising 158 positive and 271 negative correlations. This
intricate network structure highlights the potential for
extensive interactions between root-derived metabolites and
rhizosphere microbes. Six metabolites were identified as
putative keystone metabolites based on their high centrality
within the network (Figure 5 B). Five of these keystone
metabolites, namely, 3-indoleacetonitrile, proline, L-arginine,
melatonin, and liquiritigenin, were predominantly involved in
negative correlations with bacterial ASVs. Liquiritigenin, a
flavonoid with diverse biological activities,84 exhibited negative
correlations with a large proportion (89.65%) of the connected
bacterial ASVs. This suggests that liquiritigenin may play a role
in shaping rhizosphere microbial communities by selectively
inhibiting the growth of certain bacterial taxa. In contrast, 1-
aminocyclopropanecarboxylic acid (ACC), the immediate
precursor of the plant hormone ethylene,85 exhibited
predominantly positive correlations (81.8%) with bacterial
ASVs, suggesting a potential role in promoting the growth of
specific bacterial taxa. Module 1, the largest module within the
network, was driven by positive interactions with L-tryptophan,
an essential amino acid and precursor for various plant
metabolites, including the phytohormone IAA.64 L-tryptophan
exhibited positive associations with 71.9% of the connected
bacterial ASVs from diverse lineages, suggesting its potential
role as a key driver of microbial community assembly in the
rhizosphere. These findings underscore the complex and

Figure 5. Co-occurrence network of soybean metabolites and microbial ASVs exposed to three NPs treatments. (A) Association network between
116 16S ASVs and 21 DEMs. Nodes with circle symbols represent 16S ASVs, and nodes with square symbols represent metabolites. Links between
nodes are based on Spearman correlations (r > 0.6, p < 0.05) of their relative abundances, red for positive correlation and blue for negative
correlation. The network separates into four modules shown as the four numbered circles. Red-filled squares highlight metabolites that act as
network hubs, which are the nodes with dense connections to other nodes within the entire network. (B) Subnetworks of metabolites that formed
network hubs and their neighboring microbial nodes. Microbial ASVs are colored by class for Proteobacteria and by phylum for all other phyla.
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multifaceted interactions between root exudates and the
rhizosphere microbiome, highlighting the potential for specific
metabolites to act as key regulators of the microbial
community structure and function.
In these association networks, we found that half of the six

module hubs were organic acids, with proline possessing the
most links to microbial ASVs of the three (Figure 5). It has
been shown that organic acids, and in particular amino acids,
are exuded by plants as they develop, and that greater
abundances of such acids correspond to large-scale shifts in soil
microbial community composition.86 Several potential mech-
anisms of how amino acids may modulate rhizomicrobiomes
have been proposed, including shifts in soil pH, antimicrobial
effects, or preferential utilization of these metabolites as a
nutrient source by specific microbial taxa geared to decompose
them.87 It is notable given that organic acids are among the
dominant classes of exudate compounds and many plants are
known to exude them (along with other rhizodeposits) from
their roots during active growth and development.88 Thus,
amino acids such as 1-Aminocyclopropanecarboxylic acid and
proline are likely strong drivers of the switchgrass rhizomicro-
biome structure.
This study demonstrates the significant potential of

functionalized SiO2 NPs, particularly SiO2-COOH NPs, in
enhancing soybean tolerance to salt stress through multifaceted
interactions with plant physiology and the rhizosphere
microbiome. Our findings show that soybean growth and
development were inhibited under salt stress, and the
application of SiO2-COOH NPs significantly alleviated these
negative effects. Specifically, SiO2-COOH NPs promoted root
development, resulting in a more extensive root system that
facilitated improved nutrient and water uptake. These NPs also
altered root exudation patterns, increasing the secretion of
beneficial compounds such as L-tryptophan, tryptophan, and
indole-3-acetamide, which likely stimulated the recruitment
and colonization of beneficial microbes. Furthermore, SiO2-
COOH NPs reshaped the rhizosphere microbiome, enriching
beneficial microbes with plant growth-promoting traits like
IAA production and nutrient acquisition. The superior efficacy
of SiO2-COOH NPs compared to pristine SiO2 NPs
underscores the importance of surface functionalization in
optimizing nanoparticle performance for agricultural applica-
tions. These results highlight the promising potential of SiO2-
COOH NPs as a nanobiostimulant, providing eco-friendly and
sustainable solutions to enhance crop resilience and
productivity in salt-affected regions. However, given the
short experimental duration, use of a single soybean variety,
and controlled growth conditions, further research under
diverse field environments and crop systems is necessary to
validate their broader applicability.
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