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Abstract

Silicon (Si) plays a pivotal role in modulating plant physiological responses, particularly by
influencing non-enzymatic antioxidant systems and amino acid metabolism. The objective of this
study is to evaluate soybean performance in response to soil and foliar Si applications under both
well-watered and drought conditions, aiming to enhance Si accumulation in plant tissues and
potentially amplify the crop’s physiological responses under water deficit stress. This is particularly
relevant given that the mechanisms underlying Si fertilization and its role in soybean stress tolerance
remain insufficiently explored. A greenhouse experiment was conducted using a 3x2 factorial design.
The factors were: i) three foliar Si treatments: a control (no Si), potassium silicate (SiK; 128 g L Si,
126.5 g L1 K;O, pH 12.0), and sorbitol-stabilized potassium silicate (SiKe; 107 g L Si, 28.4 g L K;0,
100 mL L sorbitol, pH 11.8); and ii) two soil water levels: water-restricted and well-watered, 40%
and 80% of field capacity, respectively. The drought condition simulated tropical dry spells. Si was
applied to the soil via irrigation and to the leaves via foliar sprays prior to water restriction. All Si
solutions were adjusted to pH 7.0 with 1M HCl immediately before use. Potassium (K) levels were
balanced across all treatments using soil and foliar applications of KCl. Biometric and physiological
attributes were measured. Sorbitol-stabilized silicon increased Si accumulation in soybean tissues
and enhanced plant resilience under both well-watered and drought conditions by improving key
physiological traits, such as elevated daidzein and ascorbic acid levels, along with reduced amino
acid concentrations, as well as biometric parameters, including leaf area, root development, and
number of pods per plant. These findings reinforce the role of Si as a beneficial element in promoting
stress tolerance and advancing sustainable agricultural practices.
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1. Introduction

Climate change escalates the frequence and intensity of climate extreme events. Extensive heat
waves and droughts periods, as well as excessive rainfall that results in floods, mudslide and erosion
[1], are becoming increasingly recurrent, especially in tropical and subtropical environments, such as
Brazil, one of the main agricultural suppliers worldwide [2]. Therefore, to seek practices that
enhances plant's resilience to extreme weather events is crucial for economic-environmental
sustainability and food security.

Soybean (Glycine max (L.) Merrill) is the fourth most cultivated crop worldwide and Brazil’s
leading crop, where it covered 46 million hectares in the 2024/2025 season [3]. Its broad distribution,
particularly across diverse Brazilian regions, exposes it to variable climate conditions, notably
drought. Climate change is expected to intensify these challenges by concentrating rainfall and
prolonging dry spells, underscoring the need for strategies to enhance crop resilience and safeguard
food security [4]. An analysis of soybean production data in Brazil from 1970 to 2023 revealed that
during years characterized by prolonged drought periods, yield losses reached up to 30% in the
territory [5].

Silicon (Si) is the second most abundant element (~28%) in the earth crust[6], is reportedly shown
as a beneficial element with potential to increase yield in several crops [7-9]. Si application has been
also reported to ameliorate biotic stress, such as pests and diseases, and abiotic stress, such as
shading, drought, radiation, high and low temperature, salinity, toxic elements and disbalance
nutrition [10-12]. In soybean, an increase in the resilience over drought stress by the production of
chlorophyll content and lignin in the steam was observed, allowing a higher stomatal conductance
and steam stability, ultimately increasing the seed’s protein and oil yields. Likewise, Si application
via nutrient solution was reported to ameliorate the drought stress in tomato (Solanum lycopersicum
L.) [13], sorghum (Sorghum bicolor) [9] and soybean [14]. However, the beneficial effects of Si depend
on the absorption by plants, growth stage and Si availability in the soil [15,16]. Drought stress occurs
when plant’s water transpiration to the atmosphere is greater than the amount of water that their
roots can absorb from the soil [17,18]. The lack of water decreases the cell division rate, cell elongation
and differentiation, impairs the leaves thermal regulation, increases the damage on the cell
membrane, leading to the production of reactive oxygen species (ROS) and reactive nitrogen species
(RSN). The lack of water can degrade chlorophyll pigments, decrease photosynthesis, the production
of metabolites and finally the potential yield [11,19].

ROS is either produced by redox reactions or by the own metabolism in different cell organelles,
e.g., mitochondria, peroxisomes, endoplasmic reticulum, cell wall and apoplast [20]. Under normal
conditions, cells maintain a balance between ROS production and scavenging, but abiotic or biotic
stress disrupts this equilibrium, leading to excessive ROS accumulation and oxidative damage.
Chloroplast, photosystem I, photosystem II and electron transport chain are producers of ROS, e.g.,
10z2and Ox. There is also formation of ROS by the reduction of oxygen (O:z) to hydrogen peroxide
(H202) in the complexes I and III from mitochondria by electron transport [21].

The Si can regulate the cell wall, membrane integrity, the metabolism of carbohydrates and
accumulation of proline [22]. The proline decreases the toxic effect of ROS [10], and stabilize signal
proteins responsible for hydric stress tolerance, as kinases and transcription factors [10]. In common
bean (Phaseolus vulgaris), Si has been reported to increase osmolyte and metabolite accumulation,
enhancing cell turgor and water uptake [23]. Si enhances polyamine and 1-aminocyclochloropane-1-
carboxylic acid expression, stimulates root development, and increases the surface area for water
absorption [13].

Furthermore, by the analysis of genes expressions, the application of Si shown to upregulate the
expression of enzymes responsible for lignin accumulation in the steam and as result decrease the
chance of lodging. Smaller leaf area and greater thickness were reported after foliar Si application,
without affecting chlorophyl accumulation under either full light or shading [12]. In soybean under
water deficit and UV-B radiation exposed, Si application (1.7 mM) increased stomatal conductance,
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reduced anthocyanin and phenolic compound accumulation, enhanced antioxidant enzyme activity,
and promoted growth [14].

The benefits of Si to soybean have been reported by the polymerization of Si under the
epidermis, that limits the excessive transpiration by plant [22,24-26]. Si supplementation can alleviate
saline stress in soybean by increasing the production of non-enzymatic antioxidants such as phenolics
and ascorbic acid [27]. Leaf Si absorption can be enhanced by combining it with sorbitol, which lowers
the solution’s deliquescence point, reduces droplet evaporation, and favors uptake [24]. This
improves spray stability and, when combined with Si, can enhance the absorption in soybean, maize
and cotton [24].

The principal question to be answered is how Si stabilized solution with sorbitol could affect
different physiological and biometric components of soybean under well-watered and drought
conditions.

Although several studies have been demonstrating the benefits of Si in enhancing plant tolerance
to abiotic stress, the underlying physiological and metabolic mechanisms, particularly in soybean,
should be more explored. In this context, the objective of this study is to evaluate how increased Si
content in plant tissue, associated with sorbitol-stabilized formulation could affect physiological,
biochemical, and biometric traits in soybean, under both well-watered and drought conditions.

2. Results

2.1. Experiment I

For the SPAD index, the treatment potassium silicate stabilized with sorbitol (SiKe), regardless
of water conditions, exhibited higher values, 6.8% and 15.5%, greater than potassium silicate (SiK)
and the control (with no Si application), respectively (Figure 1A). Additionally, well-watered plants
showed a 10.2% higher SPAD index compared with drought conditions. Leaf area (Figure 1B) showed
the highest response under the SiKe treatment, with increases of 9.6% and 20.3% compared with SiK
and the control, respectively, regardless of water conditions. Stem diameter (Figure 1C) did not differ
among the Si treatments however, drought stress reduced stem diameter by 21% compared with well-
watered plants. The leaf temperature (Figure 1D) did not differ among the Si factor; however, it
increased 14.6% in drought conditions compared to well-watered.
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Figure 1. (a) SPAD index; (b) Leaf area; (c) Stem diameter; (d) Leaf temperature. Lowercase letters indicate
significant differences between the control (with no Si application), potassium silicate (SiK), and potassium
silicate stabilized with sorbitol (SiKe) treatments; uppercase letters compare the water conditions (drought and
well-watered) within each Control, SiK, and SiKe treatments. Significance was determined at Tukey’s HSD (a =
0.05).

The number of pods per plant (Figure 2A) did not differ among the Si treatments under drought
conditions. However, under well-watered conditions, pod number increased by 8.0% and 23.1%
compared with the control with SiK and SiKe, respectively. The number of grains per plant (Figure
2B) also presented no differences among the Si treatments. Nevertheless, well-watered plants
produced 45.8% more grains per plant than drought-stressed plants. For thousand-grain weight
(Figure 2C), no differences were observed among the Si treatments; however, well-watered
conditions resulted in a 14.4% increase compared with drought. Grain protein content (Figure 2D)
presented no differences among treatments.
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Figure 2. (a) Pods per plant; (b) Grains per plant; (c) Thousand-grain weight; (d) Grain protein content.
Lowercase letters indicate significant differences between the control (with no Si application), potassium silicate
(SiK), and potassium silicate stabilized with sorbitol (SiKe) ; uppercase letters compare the water conditions
(drought and well-watered) within each Control, SiK, and SiKe treatments. Significance was determined at
Tukey’s HSD (a = 0.05).

2.2. Experiment II

In Figure 3A, the effects of Si treatments and water availability on the root structure and
development of soybean plants can be observed. The images were collected during the analysis of
root attributes. Root length presented an interaction between Si and water availability (Figure 3B).
Under drought stress, root length increased by 52.6% and 35.3% in SiKe compared with SiK and the
control, respectively. Under well-watered conditions, all Si treatments differed, with SiKe showing
the greatest effect, increasing 26.6% and 10.7% more than SiK and control, respectively.

Root volume also differed between Si treatments and water availability (Figure 3C). SiKe
increased root volume by 44.4% and 38.1% compared with SiK and the control, regardless of water
availability. In addition, well-watered conditions increased root volume by 42.3% compared with
drought conditions.

For root projection area, an interaction was detected between Si and water availability (Figure
3D). Under drought conditions, root projection area increased 96.3% and 70.9% by SiKe compared
with SiK and the control, respectively. However, under well-watered conditions, no differences were
observed.

Root biomass increased 44.4% and 38.1% with SiKe compared with SiK and the control (Figure
3E). Regarding water availability, well-watered conditions increased root biomass by 45.2%
compared with drought.
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Figure 3. (a) Samples of images for the evaluation of root attributes; (b) Root length; (c) Root volume; (d) Root
projected area; (e) Root biomass. Lowercase letters indicate significant differences between the control (with no
Si application), potassium silicate (SiK), and potassium silicate stabilized with sorbitol (SiKe) treatments;
uppercase letters compare the water conditions (drought and well-watered) within each Control, SiK, and SiKe

treatments. Significance was determined at Tukey’s HSD (« = 0.05).

Leaves Si content with SiKe was 24.2% and 74.7% greater than SiK and the control, respectively
(Figure 4A). Under well-watered conditions, the Si content in leaves was 69.7% higher compared to
drought-stressed plants. The SPAD index did not differ among either Si treatments or water
conditions (Figure 4B). Similarly, leaf area presented no difference by Si or water condition (Figure
4C), maybe because was quantified in Rs of the phenological stage.
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Figure 4. (a) Leaf Si content; (b) SPAD index; (c) Leaf area; (d) Leaf water content; (e) Electrolyte leakage; (f)
Chlorophyll content; and (g) Carotenoids content. Lowercase letters indicate significant differences between
the control (with no Si application), potassium silicate (SiK), and potassium silicate stabilized with sorbitol (SiKe)
treatments; uppercase letters compare the water conditions (drought and well-watered) within each Control,

SiK, and SiKe treatments. Significance was determined at Tukey’s HSD (a = 0.05).

Leaf water content had no difference by Si treatments but was affected by water condition
(Figure 4D), where well-watered plants presented a 31.1% higher water content compared with
drought-stressed plants. Electrolyte leakage (Figure 4E) was also unaffected by Si treatments, but
increased by 21.6% under drought compared with well-watered conditions. Chlorophyll content
(Figure 4F) did not differ between Si treatments or water availability, and the same trend was
observed for carotenoid content (Figure 4G).

Proline content in control was 326% higher than SiK, but did not differ from SiKe. Water
conditions did not affect proline levels (Figure 5A). Ascorbic acid content presented an interaction
between Si treatments and water condition (Figure 5B). Under drought, ascorbic acid with SiKe was
110% and 24% higher than SiK and the control, respectively. Under well-watered conditions, Si
treatments also differed, with ascorbic acid content with SiKe 100% and 132% greater than SiK and
the control, respectively.

Total pheophytin content did not differ among Si treatments or water conditions (Figure 5C).
For total isoflavonoids, an interaction was observed between Si and water availability (Figure 5D).
Under drought, both SiKe and SiK increased isoflavonoid content by 58.2% and 55.0%, respectively,
compared with the control. Under well-watered conditions, SiK showed the highest response, with
isoflavonoid content increases of 59.3% and 191% compared with the control and SiKe, respectively.
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Figure 5. (a) Proline content; (b) Ascorbic acid content; (c) Total pheophytin content; (d) Total isoflavonoids.

Lowercase letters indicate significant differences between the control (with no Si application), potassium silicate
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(SiK), and potassium silicate stabilized with sorbitol (SiKe) treatments; uppercase letters compare the water
conditions (drought and well-watered) within each Control, SiK, and SiKe treatments. Significance was
determined at Tukey’s HSD (a = 0.05).

For Daidzein content, only the Si factor showed an effect (Figure 6A). The SiKe treatment
presented an increase of 677% compared to SiK and 226% compared to the Control. No differences
were observed for the water condition. For Daidzin, Genistein, and Genistin, no responses were
detected for either the Si factor or the water condition (Figure 6BCD).
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Figure 6. (a) Daidzein content; (b) Daidzin content; (c) Genistein content; (d) Genistin content. Lowercase letters
indicate significant differences between the control (with no Si application), potassium silicate (SiK), and
potassium silicate stabilized with sorbitol (SiKe) treatments; uppercase letters compare the water conditions
(drought and well-watered) within each Control, SiK, and SiKe treatments. Significance was determined at
Tukey’s HSD (a = 0.05).

2.3. Principal Components Analysis (PCA)

Using the data of the Experiment I and II, the first two principal components (Dim1 and Dim?2)
explain 39.6% and 15% of the total variance, respectively, indicating that these dimensions capture a
portion of the dataset's structure. The PCA revealed a strong distinction between treatments, with
well-watered plants clustering on the right side and drought-stressed plants on the left. Notably,
stress-related variables, such as foliar temperature, electrolyte leakage, genistin, total isoflavonoids,
and daidzin, were closely associated with drought treatments, reinforcing their potential as reliable
stress indicators.

The SiKe and well-watered treatment exhibited a pronounced association with root biometric
traits, chlorophyll content, ascorbic acid, and daidzein, suggesting that stabilized Si with sorbitol
affect root development and physiological parameters, thereby increasing plant resilience.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Additionally, variables such as Si concentration in leaves, total protein mass produced per plant in
grains, SPAD values, number of pods per plant, genistein content, and stem diameter showed an
intermediate trend between the SiK and SiKe treatments. These findings suggest that Si, particularly
in its stabilized form, may enhance physiological resilience even under non-stress conditions,
potentially improving overall soybean performance.

Phencli¢_col
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Figure 7. Principal Component Analysis (PCA) of all variables presented as graphs in this article, showing the

distribution of factors according to PC1 and PC2. The analysis was performed in RStudio environment.

2.4. Heatmap of Amino Acids Content in the Leaf

A high variability in amino acid content in the leaves was observed in the Experiment II,
particularly among the control, SiKe, and SiK treatments, regardless of water condition. In the control
treatment (both drought and well-watered), the concentrations of several amino acids, especially
threonine, serine, and lysine, were higher compared to SiK and SiKe. This pattern suggests a possible
physiological modulation by Si, mainly through the remobilization of these amino acids, thereby
reducing the need for their accumulation in the tissues. Such effect may contribute to improved
metabolic homeostasis and, consequently, greater physiological efficiency in the plant.

Interestingly, proline levels were lower in the SiK treatments, which may indicate that silicon
mitigates the damage caused by drought stress, reducing the activation of stress-induced
osmoprotective responses. In addition, tyrosine contents also decreased under Si supply, which may
reflect an increased requirement for phenolic compound biosynthesis, including lignin and
antioxidant metabolites, under these conditions.
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Figure 8. The heatmap shows Z-score correlations of amino acid contents (Aspartic acid, Alanine, Cysteine,
Phenylalanine, Histidine, Lysine, Proline, Serine, Tyrosine, Threonine, Valine, and Total) with the factors control
(with no Si application), potassium silicate (SiK), and potassium silicate stabilized with sorbitol (SiKe) under
drought and well-watered conditions. The color gradients represent correlation intensity: red indicates Z-scores
above the mean (positive correlations), yellow indicates values around the mean (moderate correlations), and
blue indicates Z-scores below the mean (negative correlations). Statistical details, including p-values for each
factor and the coefficient of variation (CV) for each amino acid, are provided in the supplementary material
(Table A3).

3. Discussion

Over the last years, the use of Si has emerged as a promising strategy to mitigate the negative
impacts caused by drought stress during plant development. The combination of Si with sorbitol has
also been tested in previous study [24], showing positive results on both biometric and physiological
traits. Sorbitol enhances the potential of polar network ligands in aqueous solutions, which delays Si
particle formation. In addition, it modifies the deliquescence point of salts, enabling prolonged
absorption of the fertilizer through the leaf surface [24].

In Experiment I, water deficit negatively affected the control treatment (Control), even KCl was
used to balance potassium levels in the SiK and SiKe sources. Whereas SPAD index and leaf area
were improved with Si sources, regardless of water availability. This evidences that with Si
enrichment a certain tolerance to chlorophyll oxidative stress and improved water-use efficiency to
sustain cell division was observed. These findings are consistent with other studies [28,29]. Drought
reduced stem diameter and increased leaf temperature, as expected. For yield-related traits such as
grain number per plant, thousand-grain weight, and grain protein content (Figure 2), no differences
were observed among Si sources. This suggests that the late-cycle drought stress was too severe for
Si to mitigate its effects, contrasting with previous reports of yield improvements under Si supply
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[30]. However, the number of pods per plant increased in irrigated treatments supplied with Si
(Figure 2), possibly due to improved flower retention during plant development.

In Experiment II, root traits improved with Si stabilized with sorbitol. Both root volume and root
biomass (Figure 3) increased under SiKe application, independent of water condition. For root length
and root projection area (Figure 3), an interaction was detected: under drought, SiKe promoted higher
root growth compared with SiK and control treatments. These results agree with other studies
[13,29,31], who suggested that enhanced root development under Si supply may be linked to
modulation of root gene expression, particularly auxin transport and biosynthesis, as well as
improved allocation of photo assimilates with a constant supply of sugars for root growth. Such
mechanisms contribute to greater resilience under stress conditions.

In the Experiment 11, no consistent Si effects were observed for shoot and physiological traits (leaf
area, leaf water content, electrolyte leakage, total chlorophyll, carotenoids, SPAD index, and
pheophytin content) (Figures 3 and 4). This variability may be attributed to environmental
fluctuations during sampling, which limited conclusive outcomes, although SiKe showed a trend
toward positive responses. Water deficit remained the main factor driving changes in these
parameters. In contrast, ascorbic acid content (Figure 5) showed a strong increase under SiKe
application, both under drought and well-watered conditions. Previous reports indicate that Si can
enhance ascorbic acid accumulation by stimulating the ascorbate—glutathione cycle, improving ROS
detoxification, and modulating metabolic pathways that favor antioxidant biosynthesis [10].

Isoflavonoid analysis (daidzein, daidzin, genistein, and genistin) in Experiment II revealed that
Si supply influenced secondary metabolism (Figure 6). Total isoflavonoid content presented
interaction between Si sources and water availability, with SiK and SiKe treatments outperforming
the control under both conditions, except for SiKe under well-watered treatment (Figure 5). This
suggests that Si acts as an elicitor of secondary metabolism by enhancing phenylalanine ammonia-
lyase activity and stimulating the phenylpropanoid pathway, resulting in increased isoflavonoids
synthesis. This effect is also consistent with a priming mechanism, whereby Si induces basal
accumulation of defense-related metabolites, even under non-stressed conditions, thus contributing
to redox homeostasis and physiological defense [32,33]. Among the compounds analyzed, daidzein
content showed a consistent increase under SiKe, regardless of water condition, highlighting Si’s role
in modulating this compound, which is essential for plant defense against pathogens and for
scavenging reactive species [34].

Principal component analysis (PCA) further supported these findings by revealing a clear
separation between treatments and water condition. Well-watered treatments (Control, SiK, and
SiKe) clustered distinctly, showing differential physiological and biometric responses compared with
drought-stressed treatments. Well-watered SiKe was associated with root and shoot growth
parameters (root length, root volume, plant height, and biomass), suggesting that Si combined with
normal irrigation promotes vegetative growth. Conversely, traits related to drought stress, such as
leaf temperature, electrolyte leakage, and accumulation of isoflavonoids (daidzein, genistein, and
genistin), correlated with drought treatments, indicating adaptive responses to water restriction.
Notably, some Si treatments under drought (SiK and SiKe) showed intermediate patterns, suggesting
a mitigating role of Si in maintaining physiological and metabolic functions under stress, varying
with Si content in the leaf. Overall, PCA highlighted the integrated influence of water condition and
Si content on soybean physiology, growth, and metabolism.

The heatmap (Z-score) revealed pronounced heterogeneity in amino acid accumulation among
treatments, depending on water condition and Si application. Control plants, regardless of water
availability, accumulated higher amino acid levels, which may represent a strategy to maintain
osmotic potential under stress. In contrast, Si treatments, particularly SiKe, showed reduced amino
acid levels. Moreover, in the Table A3 of Supplementary Material, the Si factor altered the amino
acids histidine, lysine, serine, threonine and total amino acids, which contribute for the modulation
of metabolites production. This suggests a remobilization of amino acids toward the biosynthesis of
other compounds, such as isoflavonoids and ascorbic acid, consistent with the higher levels of these
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metabolites observed in the present study. The enhanced foliar absorption of SiKe due to sorbitol
likely contributed to this metabolic shift.

Taken together, these results validate the hypothesis that Si can mitigate drought-induced stress
in soybean, stimulate antioxidant production, and modulate primary/secondary metabolism.
Moreover, the stabilized source (SiKe) provided more consistent agronomic benefits, indicating its
potential as a better Si foliar fertilizer under both well-watered and drought conditions.

4. Materials and Methods

4.1. Pot Experiment and Location

The study was conducted in greenhouse in Piracicaba, Sao Paulo state, Brazil. Pots with a
capacity of 5 dm? were used, and the soil was a Typic Dystrophic Red Latosol [35]. Prior to the
experiments, a chemical analysis was performed following the methodology described by Raij et al.
(2001) [36] (Table 1). As shown, the Si content was lower than 9.7 mg dm™3, which indicates a potential
low availability [37], since soils with less than 20 mg dm™ of available silicon are considered
insufficient for silicon-accumulating crops, although soybean is not classified as a typical Si

accumulator.
Table 1. Chemical analysis of the soil used in the experiment.

pH oM. P(resin) S Ca Mg K Al H+Al BS CEC BSm
CaClz gdm=3 ---mg dm3 --- mmolc dm=3 ------------- % %
5.71 229 17.6 102 376 12 324 <0.1 14.1 528 669 79 0

B Cu Fe Mn Zn  Na Si Sand total Silt Clay  Texture

class
————————————————————— mg dm3 g kg
0.4 1.1 25.3 382 29 9 <9.7 751 25 224  Medium

O.M.,, organic matter; P(resin), phosphorus (resin); S, sulphur (Cas(POs)2 0,01 mol L); Ca, calcium (KCI 1 mol L-
1); Mg, magnesium (KCI 1 mol L); K, potassium (resin); Al, aluminium (KCI 1 mol L); H+Al, (SMP), BS, base
saturation; CEC, cation exchange capacity; m, Al saturation; B, boron (hot water); Cu, cupper (DTPA); Fe, iron
(DTPA); Mn, manganese (DTPA); Zn, zinc (DTPA); Na (Mehlich1); Si, silicon (CaCl, 0,01 mol L) [36].

Two independent experiments were carried out. Experiment I was sown in 09/12/2023 (22°42’S,
47°37'W, altitude 538 m) and experiment II was sown at 12/02/2024 (22°42’S, 47°37'W, altitude 516
m). The schedule for both experiments is in the Supplementary Material in Tables Al and A2,
respectively.

Soybean variety Dagma 6822 IPRO was used. The seeds were inoculated with 2 ml kg of
solution containing Bradyrhizobium japonicum and Azospirillum brasilense (5x10° CFU ml!, Dual
Force®), and five seeds were sowing in each pot. After two weeks, thinning was performed to
maintain only three plants per pot. No fertilizer correction was applied. The soil water retention
capacity was 546 ml pot.

4.2. Experiment Design

The experiment followed a 3x2 factorial design, with five replicates per treatment. The first factor
was the Si sources: control (with no Si application), potassium silicate (SiK) and potassium silicate
stabilized with sorbitol (S5iKe), composed of SiK + Sorbitol [CsH14Os].

The second factor was water conditions after flowering stage (R1) [38]: 40% and 80% of soil water
retention capacity, aimed at simulating a crop with drought and well-watered conditions,
respectively. The moisture levels were established, in which 80% was identified as the optimal
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moisture content for soybean growth, while 40% represented the threshold at which visible wilting
symptoms started to occur [39,40].

The foliar applications were done at three growth stages: two trifoliate leaves developed (Vs),
four trifoliate leaves developed (Vs) and the beginning of bloom (Ri). Foliar applications were
performed under a relative humidity of 80%+10% and a temperature of 20 °C+5% (Elitech®
datalogger) during the morning (6:00 h a.m.), with a portable CO,-pressurized sprayer (2.0 bar)
equipped with fan-type nozzles, (Jacto® model JGT 11002, Brazil) calibrated for a flow rate of 1.5
L min™ per nozzle to simulate an application volume of 150 L ha™'.

At each application, a 3.91 mL per plant volume was, applied, corresponding to 9.48 mmoljsij L™
of Si and 18.96 mmol L of K for all the sources. In SiKe 2.03 mmol L of sorbitol (Quimisulsc®, 70%)
were also used in the solution. The solution was prepared immediately before foliar application; the
pH was adjusted to 7.0 using 1 M HCL. The adjuvant (FluiFlex® Agrichem, Brazil) was added at a
concentration of 0.1% v/v and was applied in the control too, which received only KCL

Soil Si applications were performed during 80 days, from the sowing until the onset of water
deficit, through daily application of 200 mL of solution containing 2.8 mmol L of Si and 5,6 mmol
L of K, and the solution pH was adjusted to 7.0 using 1 M HCI. This concentration was defined to
avoid the Si polymerization process, which occurs in concentrations above 3 mmol L' and decrease
the efficiency of Si application [41]. In the control treatment, the same amount of potassium was
applied both in foliar and soil using potassium chloride (KCl) as K source.

During the experiment, soil moisture was monitored daily using pot weight as standard. The
water deficit treatment was initiated at the R1 growth stage in both experiments and maintained for
20 days (Tables Al and A2 of Supplementary Material).

4.3. Experiment I Measurements

The SPAD index, leaf area, stem diameter, and leaf temperature were evaluated. The SPAD
index was assessed in the central third of each leaflet of the third trifoliate leaf in R: stage
(chlorophyLOG Falcon®). Leaf area per plant was quantified in Rs by multiplying the length and
width of each leaflet in each replicate by 0.7 [42]. Stem diameter was measured at three different
points at the base of the plant: 5, 10, and 15 cm above the ground was also made in Rs. These three
measurements were taken in each replicate to determine the average for each treatment.

Leaf temperature was measured using a standard laser-aiming thermometer. The central region
of the leaflet of the third trifoliate of all replicates was measured with the plant and Rs.

The number of pods per plant, the number of grains per plant, and the grain dry mass per plant
were determined. A grain mass sample was placed in a forced-air oven at 60°C for 48 h for indirect
moisture determination.

Grain nitrogen content was determined by the total N method after sulfuric digestion in a
digester block. Protein content was calculated by the grain N concentration expressed on a dry basis
x 6.25 [43]. Protein accumulation per plant was determined by the ratio of protein content to grain
mass per plant.

4.4. Experiment Il Measurements

Leaf area and SPAD index were made exactly as presented in Experiment I.

Relative water content in the leaf was collected during Rz stage, by 09:00 h a.m., it was collected
10 discs of 1.5 mm of radius each from fresh third trifoliolate leaf, than weighted as fresh mass (Mf),
rehydrated in deionized water for 6 hours, weighted again to get the turgid mass (Mt), dry in forced
oven ventilation and got the dry mass (Md), finally calculating by the equation of Barrs & Weatherley
(1962) [44].

The electrolyte leakage (EL) was determined by the method of Tarhanen et al (1999) [45]. Ten
discs of 1.5 mm of radius each were collected at Rsstage from the third trifoliate, counting from the
base of the plant, and left for 2 hours in a becker with 20 ml of deionized water. After that it was made
the initial electrical conductivity measurement (Ci) with a benchtop conductivity meter (TEC-
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4MP/Tecnal®), after that, the beckers stayed in an oven for 3 hours with temperature of 65°C, finally
getting the final electrical conductivity (Cf). The results consisted of the equation 1:

Ci
BL = () x 100 )

At Rs, chlorophyll A, B, total and carotenoids content were determined. Five discs of 1.5 mm of
radius each were collected from the third trifoliolate leaf and included in aluminum revested
Eppendorf (ml) with 80% acetone solution and waited 72 hours for depigmentation. A fluorescence
spectrometer (BEL1105/Tecnal®) was used to detect the absorbance, following the methodology of
Lichtenthaler (1987) [46].

At grain filling stage (Rs), physiological metabolites were analyzed using the third trifoliolate
leaf collected at 07:00 h a.m. The sampled leaves were immediately frozen in liquid nitrogen in situ
and stored at —80 °C until analysis. The content of ascorbic acid [47], total phenolic content [48] was
made. The isoflavonoids (Daidzein, Daidzin, Genistein and Genistin content) [49,50] and amino acids
[50-52] were quantified via UPLC. The isoflavonoids and amino acids were described as mg 100g of
dry matter (DM).

The foliar Si content was also measured at the Rs stage. Leaves were collected from the third
trifoliolate counting from the base of the plant, washed with water, detergent solution (0.1%), acid
solution (HCI - 3%), and deionized water, dried in a forced-air oven (65 +5 °C), and ground into a
fine powder [53]. The dry digestion method was used to determine the Si concentration in the leaf
followed the methodology of Elliott et al. 1991 [54].

At the full seed stage (R¢), a descriptive evaluation was carried out to evaluate the root attributes.
The intact roots were separated by immersing the substrate in water. Root analysis was carried out
according to the protocol described by Bouma et al. (2000) [55]. The roots were carefully positioned
in an acrylic tray filled with water, ensuring complete submersion, and subsequently scanned at a
resolution of 300 dpi using an Epson XL 10000 scanner. Biometric parameters analysis was performed
with the WinRhizo software, version 4.1c (Regent Instruments Inc., 2017). The following traits were
assessed: root volume, total length, projected area and biomass. Then, the root was dried in forced
oven ventilation and then determined the root biomass by weighing in an electronic balance. Finally,
soil samples were collected from the treatments and the Si content was determined using the van Raij
method (2001) [36].

4.4. Statistical Analysis

Data were assessed for homogeneity of variances using Levene’s test and for normality using
the Shapiro-Wilk test. When both assumptions were satisfied, group means were compared by
Tukey’s HSD test at a = 0.05, considering the interaction between factors in a two-way factorial
design. If either assumption was violated, the nonparametric Kruskal-Wallis test was applied
separately for each factor level (a0 = 0.05). The principal component analysis (PCA) was performed
using the “FactoMineR” package in association with “ggplot2”, considering only numerical variables
and applying a 95% confidence ellipse. Prior to PCA, all variables were standardized (centered and
scaled) to ensure comparability across different measurement units. All statistical analyses were
carried out in the RStudio environment version 2024.12.0+467.

5. Conclusions

The use of stabilized silicon source with sorbitol (SiKe), proved to be an effective strategy to
enhance Si uptake and improve soybean performance under both drought stress and well-watered
conditions. This study demonstrated that SiKe not only supports root growth and upper biomass
accumulation but also contributes to improved antioxidant capacity and modulation of primary and
secondary metabolism, leading to greater tolerance against oxidative stress.

Si application under well-watered conditions promoted pod set, while under drought it helped
sustain physiological and metabolic traits, highlighting its dual role in both stress mitigation and
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yield maintenance. Altogether, these findings emphasize Si multifaceted role as a resilience and
enhancing element and point to its potential as a key tool in climatic changes in a sustainable
agriculture. Future studies should explore the field-level implementation and molecular mechanisms
of stabilized Si sources on field and the molecular mechanisms underlying their beneficial effects.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table Al. Schedule of the water deficit stress period in Experiment I; Table A2.
Schedule of the water deficit stress period in Experiment II; Table A3. P-value and CV (%) of each variable of the

experiments.
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Abbreviations

The following abbreviations are used in this manuscript:

SiK Potassium silicate (K>SiOs3)

SiKe Potassium silicate (K;SiOs) + Sorbitol (CsH14Os)
ROS Reactive oxygen species

RSN Reactive nitrogen species

10, Singleton Oxygen

07 Superoxide

Vn Soybean’s vegetative stages

Rn Soybean’s reproductive stages
SPAD Soil-Plant Analysis Development
EL Electrolyte leakage

Ci Initial conductivity

Cf Final conductivity

DM Dry matter

UV-B Ultraviolet-B radiation

PCA Principal component analysis
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