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Abstract
Background and Aims

Water restriction significantly affects the growth and survival of young plants following transplantation.
Although silicon (Si) is not typically considered essential for plants, it can help mitigate abiotic stresses.
We hypothesized that Si application in plants, depending on how it is applied, can improve the tolerance
to water restriction. The objective was to investigate how applying Si to the leaves and roots of young
Eucalyptus urophylla plants can mitigate water restriction effects.

Methods

A greenhouse experiment was conducted with one factor consisting of three Si application methods (via
root substrate, foliar spray, and a combination of both) and a control group with no Si; the other factor
involved well-watered and water-deficit irrigation regimes, based on 90% and 30% pot capacity,
respectively.

Results

Silicon application improved the plant’s tolerance to water restriction by maintaining stable cell turgor
and increasing intrinsic water use efficiency. Silicon also helped to reduce stomatal conductance and
water losses through transpiration, which prevented a decline in CO2 assimilation and promoted
osmoregulation. It also prevented a decrease in chlorophyll content and attenuated oxidative stress, by
increasing superoxide dismutase and guaiacol peroxidase activity, which contributed to preventing an
increase in lipid peroxidation and electrolyte leakage. The effectiveness of Si supply was higher when
applied through the roots or a combination of roots and leaves compared to foliar spray alone.

Conclusion

These findings suggest that Si application can be a useful strategy for improving plant tolerance to water
restriction, particularly when applied through the roots.

Introduction
In Brazil, the increasing demand for eucalyptus wood has led to the expansion of its cultivation, even in
regions with scarce and irregular rainfall regimes. In many of these areas, irrigation is not a viable
solution due to high costs or limited water resources. Soil water availability plays a crucial role in the
success of new forest stands, especially after transplanting seedlings into the field, as water restriction
during this period can significantly affect the initial growth and survival of young plants.

The effects of water deficit have been well documented (Li et al. 2020; Misra et al. 2020; Patmi et al.
2020); they mainly affect cell elongation and division, inhibiting plant growth at different stages. This
growth reduction is partly due to a decrease in stomatal conductance to prevent cavitation and hydraulic
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failure, leading to a sharp drop in transpiration and CO2 assimilation (Johnson et al. 2022). Water
restriction can also affect the contents of photosynthetic pigments, soluble and storage carbohydrates,
proteins, and amino acids (Patmi et al. 2020), and negatively impact other photosynthetic traits, such as
the quantum yield (Fv/F0) and the maximum quantum efficiency of photosystem II photochemistry
(Tripathi et al. 2015; Li et al. 2020). A decrease in CO2 assimilation causes an accumulation of NADPH,

hindering the transfer of electrons from the photosystem II reaction center (FSII) to NADP+. As a result,
chlorophylls reach an excited state and produce reactive oxygen species (ROS), such as superoxide,
hydroxyl radicals, and hydrogen peroxide (H2O2), which can damage photosystems, thylakoid
membranes, photosynthetic pigments, and enzymes (Salehi-Lisar and Bakhshayeshan-Agda 2016; Killi et
al. 2020).

Silicon (Si), despite being a non-essential mineral for plant growth and metabolism, improves plants
tolerance to water restriction, positively influencing their growth (Cao et al. 2020; Thorne et al. 2020;
Vandegeer et al. 2020). However, the mechanisms by which Si reduces damage caused by water
restriction remain unclear (Chen et al. 2011). Some authors have suggested that Si stimulates the
antioxidant defense system (Ning et al. 2020), reducing photo-oxidative damage, maintaining the
integrity of the chloroplast membrane, and improving water use efficiency, making plants more tolerant to
water restriction (Cao et al. 2020). Silicon can also promote silicification, either of the cell wall in roots
and stems, through self-polymerization to silica (Shakoor et al. 2014; Fleck et al. 2015; Khattab 2016) or
the cuticle or stomatal pores on leaf surfaces (Khattab et al. 2016), thereby decreasing transpiration
(Vandegeer et al. 2020). Furthermore, Si promotes an increase in the content of osmotically active
solutes, favoring osmoregulation, which increases the volume and weight of the roots (Sonobe et al.
2010). Si is also advantageous because it is non-corrosive and non-polluting, making it a high-quality
fertilizer for developing ecologically green agriculture.

Previous research has demonstred that Si is effective in reducing the negative impact of water stress on
herbaceous crops, including wheat (Gong et al. 2005), potato (Crusciol et al. 2009), rice (Chen et al. 2011),
and corn (Bianchini et al. 2019). However, little is known about the effects of Si on tree species, and its
absorption benefits may vary depending on the application method ‒ either by addition to the substrate
for root absorption or by foliar spraying – due to diferences in uptake and ionic transport mechanisms
among plant species (Farooq and Dietz 2015). In this sense, plant species can be classified as
accumulators, intermediates, and non-accumulators (or excluders) based on their ability to accumulate Si
in different tissues organs (Ma et al. 2016).

In this study, we hypothesized that the application of Si, depending on the method used, can positively
influence stomatal control of transpiration and CO2 assimilation, osmoregulation, and the antioxidant
defense system, thereby mitigating the negative effects of water stress on plants. The main goal was to
investigate the effects of different Si application methods (substrate addition and foliar spraying) on the
biometric attributes, water status, gas exchange, chemical constituents, and antioxidant defense system
of young Eucalyptus urophylla plants subjected to water restriction.
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Materials and methods

Site description and experimental design
A greenhouse experiment was conducted at the State University of Southwestern Bahia, which is in
Vitória da Conquista, Bahia State (BA), Brazil (14º53'08"S, 40º48'02"W, 881 m asl), from February to
March 2022. The local climate is classified as Cwb type (dry-winter subtropical highland climate)
according to the Köppen-Geiger’s classification. The average annual rainfall is 733.9 mm, which
concentrates from November to March. The average annual temperature is 20.2°C, with maximum and
minimum values of 26.4°C and 16.1°C, respectively. During the experimental period, the average
temperature and air relative humidity inside the greenhouse were 24 ± 2°C and 61.5% ± 5%, respectively.

A completely randomized design with a 4×2 factorial scheme was employed, with five replications and
one plant per pot. One factor consisted of three Si application methods (via root substrate, foliar spray,
and a combination of both) and a control group with no Si. The other factor was the irrigation regime,
with two levels: well-watered (WW) and water-deficit (WD), based on 90% and 30% pot capacity,
respectively.

Seedling management, Si pre-treatment, and
transplantation
Eighty-day-old Eucalyptus urophylla clone AEC 144 seedlings were obtained from a nursery in Eunápolis
City ‒ BA, Brazil. These seedlings were grown in 54 cm3 tubes filled with a substrate comprising Ceará
coconut fiber (40%), carbonized rice husks (40%), and vermiculite (20%). The substrate was fertilized with
620 g of simple superphosphate and 625 g polyblend plus (N-P-K 10-15-20, with micronutrients) for each
volume of 250 L.

At 110 days of age, the seedlings were transplanted into 20 L pots filled with sand passed through a 5
mm sieve. The sand was previously thoroughly washed using running water and sterilized using an HCl
solution (0.4%), followed by another intensive wash to remove potential HCl residues. Sterilization aimed
to eliminate residues of organic matter and minerals, including nitrogen (N), phosphorus (P), potassium
(K), magnesium (Mg), copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn), and all potential sources of
Si.

After transplantion, the first fertilization was performed, using a nutrient solution (Hoagland and Arnon
1952) with the NO3

−/NH4
+ ratio adjusted to 50/50, which is ideal for Eucalyptus urophylla according to

Soares et al. (2021). The nutrient solution was initially supplied at 25% ionic strength, which was then
increased to 50% 15 days after transplanting (DAT), to allow the seedlings adaptation to the new
substrate. All plants were irrigated at 90% of pot capacity over 95 DAT. The substrate moisture was
checked using the gravimetric method, according to Souza et al. (2020).
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Silicon application was standardized at 50 mL of 2 mM Si plant− 1 once a week from 80-day-old
seedlings up to 95 DAT. Sifol Powder fertilizer was used as a Si source, an extremely pure nanosilica
reactive source (92% SiO2, 42.9% Si, 1-100 µm particle size, pH 6.0-7.5) with high dispersibility in water.
For treatments using foliar spraying, 0.5 mL of Adesil adhesive spreader was added, and pot’s surfaces
were coated with a plastic film to prevent sprayed solution from running into the substrate. For
treatments without Si (-Si), only water was sprayed. The two irrigation regimes were established at 95
DAT when irrigation in half of the pots was reduced to 30% of their capacity. Fifteen days after
establishing the irrigation regimes (120 DAT), plant biometric attributes, plan water status, gas exchange,
content of photosynthetic pigments and chemical constituents, and antioxidant enzyme activities were
measured and evaluated.

Biometric attribute measurements
Plant height was measured using a graduated ruller, from the collar to the top of the stem. Stem diameter
was measured using a digital caliper, 1 cm above the soil level. The total leaf area was estimated using
the method outlined by Montelatto et al. (2020). The lengh of the main root was measured from the neck
to the tip of the root. The total root volume was measured using a graduated cylinder. The dry masses of
the root and shoot were determined after drying the plant material in an oven at 70 ± 5 ºC, until a constant
mass was reached.

Determination of plant water status
Plant water status was evaluated at predawn (5:00 a.m.) on fully mature leaves situated in the middle of
the shoot. Leaf water potential was determined with a pressure chamber (Model 1000, PMS) following
the method of Scholander et al. (1965). Relative water content (RWC) was calculated using the equation:
RWC (%) = [(FM ‒ DM) / (TM ‒ DM)] × 100; wherein: FM, DM, and TM represent the fresh, dry, and turgid
masses, respectively (Weatherley 1950).

Leaf gas exchange measurements
Gas exchange measurements were conducted on mature leaves from the middle of the shoot; these
leaves were fully expanded and physiologically active and collected between 8:00 a.m. and 10:00 a.m.
Stomatal conductance (gs), CO2 assimilation (A), and transpiration (E) rates were determined using an
Infrared Gas Analyzer (IRGA LI-6400, LI-COR™, Nebraska/USA). The leaves were exposed to an irradiance
of 900 mmol photons m− 2 s− 1 (Silva et al. 1998), and the CO2 concentration in the reference air supplied

to the analyzer was 380 µmol mol− 1. The intrinsic water-use efficiency (iWUE) was calculated using the
formula: iWUE = A/gs.

Determination of the photosynthetic pigment contents
Leaf disc samples were used to extract photosynthetic pigments. The samples were immersed in 4 mL
dimethyl sulfoxide (DMSO) saturated with CaCO3 (Hiscox and Israelstam 1979) for 12 hours in the dark.
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Chlorophylls a and b and carotenoids were quantified using a spectrophotometer, with readings taken at
665 nm, 649 nm, and 480 nm, respectively. The results were expressed as mg m− 2 (Wellburn 1994).

Determination of chemical constituents and electrolyte
leakage
Starch content in 125 mg physiologically mature and dried leaves, which were previously degreased in
hexane, was determined by adding 5 mL of 0.5 M H2SO4 at 100°C for 1 hour. The solution was then
brought to 250 mL by adding water. After cooling to 0°C, 1 mL of the solution was taken and mixed with 5
mL of 5 mM anthrone. The final solution was then heated to 100°C for 11 min, and cooled to room
temperature, and measured using a spectrophotometer at 620 nm following Normative Instruction n° 20
(Brasil 1999).

Contents of soluble sugars, reducing sugars, proline, and thiobarbituric acid reactive substances (TBARS)
were determined in 200 mg physiologically mature and dried leaves. For soluble and reducing sugars
extraction, 15 mL of 0.1 M KH2PO4 buffer was used. After centrifugation was performed three times for
45 min at 2,500 g, the supernatant was collected. For soluble sugars determination (Yemm and Willis
1954), an aliquot of 1 mL of the supernatant was added to 2 mL anthrone solution under cooling and
then heated in a water bath at 100°C for 3 min. After cooling to room temperature, readings were taken
using a spectrophotometer at 620 nm, and the results were expressed as mg soluble sugars g− 1 dry
mass. For reducing sugars determination (Miller 1959), an aliquot of 0.8 mL of the supernatant was
added to a reaction medium with 0.5 mL of dinitrosalicylic acid and 0.4 mL of water in a water bath at
100°C for 5 min. After cooling to room temperature, 3.5 mL of water was added to the reaction medium
until reaching 5.0 mL. Readings were performed using a spectrophotometer at 540 nm, and the results
were expressed as mmol reducing sugars g− 1 dry mass.

For proline extraction, 6 mL of 3% sulfosalicylic acid (w/v) was used. After performing centrifugation for
10 min at 2,500 g, the supernatant was collected. For proline determination (Bates et al. 1973), an aliquot
of 2 mL of the supernatant was added to 2 mL acidic ninhydrin solution (1.25 g ninhydrin, 30 mL glacial
acetic acid, and 20 mL 6 M phosphoric acid) and 2 mL glacial acetic acid in a water bath at 100°C for 1
hour. After cooling using ice to stop the reaction, 4 mL toluene was added and the mixture was shaken for
20 seconds, for full extraction of proline. Readings were performed using a spectrophotometer at 520 nm,
and the results were expressed as µmol proline g− 1 dry mass.

For TBARS extraction, 2 mL 0.1% trichloroacetic acid (TCA) was used. After centrifugation for 6 min at
10,000 g at 4°C, an aliquot of the supernatant was collected and added to 1.5 mL 0.5% thiobarbituric acid
(TBA) and 20% TCA in a water bath at 95°C for 30 min. After cooling to room temperature and
centrifugation again for 6 min at 10,000 g, a reading was performed using a spectrophotometer at 532
nm (Heath and Paker 1968).
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To determine electrolyte leakage, fresh leaves weighing 0.5 g were placed in 20 mL water at room
temperature (25°C) and left for 24 hours. The initial electrical conductivity (L1) of the solution was
measured using a conductivity meter (Tecnal-TEC 4MP). Afterward, the leaf samples were boiled at 100°C
for 20 minutes and allowed to cool to room temperature. The final electrical conductivity (L2) was then
measured, and the ratio of L1/L2 was expressed as a percentage to determine the level of electrolyte
leakage (Valentovic et al. 2006).

Determination of antioxidant enzyme activities
Superoxide dismutase (SOD; EC 1.15.1.1) activity was determined by measuring the amount of enzyme
required to cause 50% inhibition of the rate of nitro blue tetrazolium (NBT) reduction in the leaf tissue
extract, according to Beauchamp and Fridovich (1971). In a reaction medium containing 50 mM
NaH2PO4 buffer (pH 7.8), 0.1 mM EDTA, 13 mM L-methionine, and 75 µM NBT, a 100-µL aliquot of the
enzymatic extract was added to initiate the reaction in the dark. The reaction was started by adding 2 µM
riboflavin and exposing the reaction medium to 15 W fluorescent lamps for 15 min. SOD activity was read
at 560 nm using a spectrophotometer and expressed as activity unit (AU) mg− 1 protein.

Guaiacol peroxidase (GPX; EC 1.11.1.7) activity was determined by monitoring the kinetic evolution of the
reaction in a reaction medium containing 50 mM KH2PO4 buffer (pH 7), 9 mM guaiacol, and 19 mM H2O2

according to Lin and Kao (1999). The kinetic evolution was measured for 1 min. GPX activity was
calculated using the extinction coefficient (26.6 mM cm− 1 at 470 nm). One unit of GPX was defined as
the amount of enzyme required to form tetraguaiacol (1 mM) per minute at 470 nm.

Statistical analysis
The data from five separate replications were presented as mean ± standard deviation (SD). The Cochran
test was used to evaluated data homogeneity, while the Lilliefors test was applied to verify the normal
distribution of residuals. All data were analyzed using analysis of variance (ANOVA), and multiple
comparisons of means were conducted using Tukey's test (p < 0.05). All statistical analysis were
performed using the R software.

Results

Biometric attributes
The results showed a significant interaction between Si application and irrigation regime on stem
diameter and root dry mass. The application of Si influenced total leaf area and shoot dry mass,
irrespective of the irrigation regime, while the irrigation regime influenced root length and root volume
irrespective of Si application. However, there was no significant effect of the factors on plant height. In
plants under water deficit conditions, a smaller stem diameter was observed, especially in the absence of
Si application. However, the effect of water restriction was mitigated by Si applications [(+) Si R] and [(+)
Si L + R], which also allowed for a greater root dry mass accumulation under water deficit conditions.
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Among the treatments with Si application, a smaller total leaf area was observed with the application [(+)
Si R], while all methods of Si application allowed for a greater shoot dry mass. Lower root lenght and root
volume values were observed under water deficit conditions; however, this effect was mitigated in root
volume with the Si applications (Table 1).

Table 1
Plant height (H), stem diameter (D), total leaf area (LA), root length (RL), root volume (RV), root dry mass
(RDM), and shoot dry mass (SDM) of young Eucalyptus urophylla plants subjected to well-watered (WW)

and water-deficit (WD) irrigation regimes, in response to different Si application methods.
Biometric   WW plants   WD plants

Attribute   (-) Si (+) Si
L

(+) Si
R

(+) Si L 
+ R

  (-) Si (+) Si
L

(+) Si
R

(+) Si L 
+ R

H (cm)   5.7Aa 6.2
Aa

5.5 Aa 6.0 Aa   5.7 Aa 6.1
Aa

5.5
Aa

5.8 Aa

D (mm)   46.1
Aa

45.8
Aa

38.7
Bb

43.7 Aa   42.2
Ab

41.3
Ab

41.8
Aa

43.7 Aa

LA (cm2)   779
ABa

814
Aa

724
Ba

828 Aa   750
ABa

814
Aa

693
Ba

869 Aa

RL (cm)   49.0
Aa

51.1
Aa

50.9
Aa

64.0 Aa   43.2
Ab

42.7
Ab

45.0
Ab

48.3 Ab

RV (mL)   54 Aa 52 Aa 46 Aa 48 Aa   42 Aa 48 Aa 46 Aa 44 Aa

RDM (g)   7.5 Ba 9.7
Aa

9.0 Aa 8.8 Aa   6.7 Ba 9.2
Aa

8.9
Aa

9.1 Aa

SDM (g)   6.5 Aa 6.3
Aba

6.5
ABb

5.1 Bb   6.4 Ba 6.9
Ba

8.8
Aa

7.5 ABa

Uppercase letters compare the control with Si application methods in each irrigation regime, while
lowercase letters compare irrigation regimes in the control or in each Si application method (n = 5) using
Tukey’s test (p < 0.05).

Plant water status
The irrigation regime had a significant impact on leaf water potential, which was reduced in plants
subjected to water deficit; however, the application of Si did nor affect leaf water potential. On the other
hand, there was a significant interaction between the two factors for relative water content. Control plants
(‒S) subjected to water deficit showed a decrease in relative water content. In contrast, in treatments
involving Si application, the negative effect of water restriction was attenuated with [(+) Si L], while
relative water content remained stable with [(+) Si R] and [(+) Si L + R] (Fig. 1).

Leaf gas exchange
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There was a notable interaction of factors on stomatal conductance, CO2 assimilation, and intrinsic
water-use efficiency, while transpiration was influenced by each fator separately without any interaction.
In plants subjected to water deficit, a reduction was observed in stomatal conductance, CO2 assimilation,
and transpiration was observed. However, the negative effect on CO2 assimilation was ameliorated by Si
application, especially with [(+) Si R], and to a lesser extent with [(+) Si L] and [(+) Si L + R]. In contrast, the
reduction in transpiration was more pronounced with [(+) Si R] application. Water restriction did not have
a significant effect on intrinsic water-use efficiency, but Si application increased it, primarly with [(+) Si R],
and to a lesser extent with [(+) Si L] and [(+) Si L + R] (Fig. 2).

Photosynthetic pigments
A significant interaction of factors was observed in chlorophyll content. In plants subjected to water
deficit, a decline in chlorophyll content was observed in control plants, but the application of [(+) Si L]
helped mitigate this reduction. Furthermore, the use of [(+) Si R] and [(+) Si L + R] prevented the decrease
in chlorophyll content altogether. The irrigation regime did not affect the carotenoid content, but it was
noted that the application of Si increased carotenoid content compared to the control, regardless of the
irrigation regime (Fig. 3).

Chemical constituents
A significant interaction of factors was noted in contents of starch, soluble sugars, reducing sugars, and
proline. In plants subjected to water deficit, there was a reduction in starch content observed in both
control and Si-treated plants. The application of [(+) Si R] or [(+) Si L + R] resulted in a more significant
increase in starch content, while [(+) Si L] resulted in a lesser increase. The content of both soluble and
reducing sugars increased in control and Si-treated plants, but the levels were higher with Si application
than in the control. The proline content increase only with the application of Si, particularly using [(+) Si R]
(Fig. 4).

Oxidative stress-related characteristics
A significant interaction of factors was observed in TBARS content, electrolyte leakage, SOD, and GPX
activities. In plants subjected to water deficit, an increase in TBARS content was noted. However, this
increase was attenuated by the application of [(+) Si L] and [(+) Si L + R], and reversed by [(+) Si R]
application. The activities of SOD and GPX were not significantly influenced by water restriction, except
when using [(+) Si R] application, which resulted in a significant increase in the activity of both enzymes
(Fig. 5).

Discussion
Environmental stresses can significantly impact plant growth in both natural and agricultural
ecosystems. The majority of the Earth's surface (96,5%) is subject to environmental limitations, as noted
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by Cramer et al. (2011). Since plants are sessile organisms, they are constantly exposed to abiotic
stresses, such as water restriction, which can affect their development and metabolism. Unlike anual
plants, woody plants generally lack the phenological plasticity to escape drought by interrupting their
vegetative life cycle. Adult trees typically possess a higher level of tolerance to water restriction than
annual plants (Pallardy 2008). Therefore, in eucalyptus, the symptoms of water deficit are more
noticeable in young plants, after transplanting seedlings, than in adult plants.

Stem diameter and root dry mass were the only biometric attributes significantly affected by the
interaction of the water regime and Si application method. These results suggest that a 15-day period of
water restriction may not have been long enough to cause widespread damage to most biometric
attributes. This finding supports the understanding that the plant’s phenological response to water
restriction is depend on the duration of the stress (Pugnaire et al. 1999) and varies across different plant
species (Kovács et al. 2022). Despite this, the application of Si in plants subjected to water deficit
resulted in higher shoot and root dry masses, particularly with [(+) Si R] and [(+) Si L + R] applications.

Although the impact of water restriction on biometric attributes was moderate, significant changes were
observed in other growth-related traits (e.g. relative water content, gas exchange, photosynthetic
pigments, chemical constituents, and oxidative stress). In plants subjected to water deficit, there was a
reduction in relative water content observed in control plants (-S), but Si application proved to be
beneficial in terms of enhancing plant tolerance to water restriction. Applying Si using [(+) Si R] or [(+) Si
L + R] prevented the decrease in relative water content, while the use of [(+) Si L] attenuated this decrease
(Fig. 1B). This effect of Si application on relative water content can be partially attributed to a stomatal
control of water loss by transpiration, as it is closely related to reductions in stomatal conductance and
transpiration. According to Pimentel (2004), stomatal control is a foliar mechanism that tends to favor a
plant exposed to short-term water restriction, as observed in this study. Stomatal closure is often the first
line of defense against desiccation, even before a decrease in leaf RWC occurs (Lang et al. 2018). In
contrast, Johnson et al. (2022) argued that a stomatal closure primarily aims to prevent cavitation and a
catastrophic hydraulic failure that could result in significant drops in transpiration and CO2 assimilation.

A significant decrease in stomatal conductance was observed in our study, irrespective of the Si
application method (Fig. 2A). However, the use of Si, particularly [(+) Si R], resulted in lower stomatal
conductance rates, with [(+) Si L] and [(+) Si L + R] having a lesser effect. Such a reduction in stomatal
conductance may be partly attributed to a Si deposition in the cell walls of guard cells, which can lead to
structural changes that indirectly affect stomatal deformation and opening capacity (Vandegeer et al.
2020). Additionally, Si application can cause a decrease in guard cell turgor and stomatal pore regulation,
contributing to a reduction in stomatal conductance (Gao et al. 2006; Luyckx et al. 2017).

The lower stomatal conductance rates contributed to a decrease in transpiration, which was more
significant with the Si application, particularly with [(+) Si R], and to a lesser extent with [(+) Si L] and [(+)
Si L + R] (Fig. 2B). Water loss during transpiration is known to reach about 90%, which can be either
stomatal or cuticular (Domingues et al. 2017). The effect of Si application can be partly attributed to a
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thickening of the cuticle layer, which results from H4SiO4 polymerization in phytoliths, an amorphous,
hydrated silica (SiO2×nH2O) (Keutmann et al. 2015). Phytoliths are deposited on cell and intercellular
walls or below the cuticle as amorphous silica (Mandlik et al. 2020; Singh et al. 2020), forming a silica
double layer (Thorne et al. 2020), which reduces leaf water loss (Bukhari et al. 2021).

In this study, the Si-induced reduction in stomatal conductance caused a decrease in leaf water loss that
was more significant than the CO2 influx into the chloroplasts, resulting in a greater reduction in
transpiration than CO2 assimilation. The lower rates of stomatal conductance also led to a reduction in
CO2 assimilation, but the Si application mitigated this reduction, mainly with [(+) Si R], maintaining higher
rates of CO2 assimilation than the control treatment (‒S) (Fig. 2C). Similar results were observed in
Pistacia vera L. (Habibi and Hajiboland, 2013) and rice (Kuhla et al. 2021) with Si application under water
restriction. In previous studies on strawberries under water restriction, more than 90% of the Si absorbed
by the roots was translocated to the plant shoot when Si was supplied via the substrate (Ma and
Takahashi 2002).

In plants that accumulate large amounts of Si, supply must be made mainly through the roots using a
nutrient solution (Ma and Takahashi 1990) or via soil fertilization (Camargo et al. 2019). After absorption
by roots, Si is transported to the plant shoot, using specialized transporters in cell membranes (Mitani et
al. 2009). In sugarcane, a tipically accumulating species, Si supply via substrate provided more effective
physiological responses to mitigate water stress than supply via spraying because Si was better
absorbed by the roots than by the leaves (Teixeira et al. 2020).

According to Ma and Yamaji (2015) and Queiroz et al. (2018), eucalyptus is a non-Si accumulating
species; for this reason, we chose to use the commercial fertilizer Sifol Powder as a source of Si in the
presente study. Sifol Powder is an extremely pure reactive source of nanossílica that is more effective
when applied via the roots than by foliar spray (Suriyaprabha et al. 2014). Although the mechanism of
nanosilica root absorption is not well understood, it occurs at a higher rate than that of other silicates
(Schaller et al. 2013; Asgari et al. 2018), mainly following the apoplastic route as Si transporters are less
sensitive to nanosilica (Nazaralian et al. 2017). In the present study, Si application using [(+) Si L] and [(+)
Si L + R] also proved effective in mitigating, to a lesser extent, the decrease in CO2 assimilation in plants
subjected to water deficit. Although the mechanism of foliar Si uptake is unclear, leaves can absorb Si,
but the effect of Si on plants subjected to short-term water restriction may depend less on the amount of
Si accumulated due to a the restriction in its foliar absorption compared to root absorption (Teixeira et al.
2021). Some researchers have suggested that leaves can directly also absorb silicic acid and/or
stimulate plants to absorb more nutrients, including Si, from the soil (Zhu et al. 2019).

In this study, Si application may have caused a cuticle thickening due to silica deposits, leading to
changes in the physical state and mechanical properties of cell walls. This solid barrier may have
contributed to reducing water losses (Gao et al. 2005; Bukhari et al. 2020; Wang et al. 2021) and
improving intrinsic water-use efficiency, which was higher with [(+) Si R] (Fig. 2D). Similar results were
found with Si application in other species (Ming et al. 2012; Asmar et al. 2013; Habibi 2014). Silicon
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deposition on xylem vessel walls has also been observed in many plants, with Si nanoparticles
intertwining with organic macromolecules such as cellulose, pectin, glycoprotein, and lignin, to form
amorphous colloidal complexes with large surface areas of absorption (Parry and Winslow 1977). These
nanoparticles could influence the transport rate of water and solutes in vascular bundles, improving
intrinsic water-use efficiency (Gao et al. 2005). Therefore, Si application mitigated the decrease in CO2

assimilation in plants subjected to water deficit, despite reductions in stomatal conductance and
transpiration, contributing to an increase in intrinsic water-use efficiency and improving plant tolerance to
water restriction (Ma et al. 2004).

In contrast, the effect of Si application in preventing or mitigating relative water content reduction
occurred simultaneously with a decrease in leaf water potential (Fig. 1A). Similar observations on Si
application under water restriction were also reported in Sorghum bicolor (Sonobe et al. 2010), olive trees
(Karimi et al. 2018), and plums (Hassan et al. 2021). Thiese results suggest that the Si-induced regulation
of relative water content associated with leaf water potential decrease might be caused by
osmoregulation, resulting from the hydrolysis of starch into sugars and proteins into amino acids. In this
study, the Si application intensified starch hydrolysis (Fig. 4A), along with an increase in contents of
soluble sugars (Fig. 4B) and reducing sugars (Fig. 4C), promoting ionic homeostasis that favors water
absorption and improving the antioxidante system (Zhang et al. 2018). Si-induced changes in soluble
sugars content, associated with water restriction, were also observed in Sorghum bicolor (Sonobe et al.
2010) and Glycyrrhiza uralensis (Zhang et al. 2018). These changes can promote protoplasmic tolerance
and osmotic adjustment, where osmolyte accumulation reduces the osmotic potential and increases
water influx, thus maintaining turgor pressure (Farroq et al. 2019). The osmotic adjustment may also
result from a Si-induced increase in proline content, mainly using [(+) Si R] (Fig. 5D). Similar results using
Si application under water restriction were found in orange (El Sayed et al. 2014) and mango (Elsheery et
al. 2020). Proline, in addition to acting as an osmoprotectant, plays a crucial role in the defense
mechanism of plants, promoting anatomical changes, protein stability, and elimination of free radicals
that can damage the photosynthetic apparatus (Ghafoor et al. 2019).

In plants subjected to water deficit, chlorophyll content decreased in control plants (-S), but Si had a
beneficial effect on plant tolerance to this water restriction effect. Si application using [(+) Si R] or [(+) Si
L + R] prevented the decrease in chlorophyll content while using [(+) Si L], this decrease was attenuated
(Fig. 3A). Si application can keep chlorophyll content stable under water restriction by protecting
chloroplast structure (preventing the degradation of grana and stroma lamellae) and inducing
photosynthetic pigment biosynthesis to protect chloroplast enzymes (Cao et al. 2015). Similar results
have been reported in other studies using Si application under water restriction (Muneer et al. 2014; Cao
et al. 2015; Hajiboland et al. 2017; Sienkiewicz-Cholewa et al. 2018; Hassan et al. 2022). Carotenoid
content was not influenced by the irrigation regime, but was higher with Si application compared to the
control treatment (-Si) (Fig. 3B). Carotenoids, apart from being pigments that help capture light for
photosynthesis, also serve as photoprotectors by rapidly quenching the excited states of chlorophylls
(Taiz et al. 2017) and thus preventing the formation of damaging singlet oxygen (1O2

*), which may
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damage many cellular components, especially lipids (Uarrota et al. 2018). Although Si application was
unlikely to be related to carotenoid photoprotection in the present study, its beneficial effect on
maintaining stable chlorophyll content in plants subjected to water deficit was likely due to its influence
on increasing antioxidant enzyme activity and mitigating oxidative stress.

Control plants (-Si) under water deficit showed an increase in TBARS, indicating a rise in membrane lipid
peroxidation and electrolyte leakage. This happens due to water deficiency stress, which causes an
increase in levels of cell membrane lipid oxidative stress indicators, such as malondialdehyde and H2O2,
increasing electrolyte leakage (Ogbaga et al. 2020). The Si application using [(+) SI L + R] prevented an
increase in TBARS, whereas using [(+) Si L] or [(+) Si R] mitigated this increase (Fig. 5A). Overall, unlike
control plants (-Si), Si supply preserved membrane and electrolyte leakage (Fig. 5B). SOD and GPX
activities were not influenced by the water regime, but Si supply using [(+) Si R] resulted in a significant
increase in plants subjected to water deficit (117.5% and 184.5%, respectively) (Figs. 5C and 5D). This
helps prevent lipid peroxidation and electrolyte leakage, thus mitigating oxidative stress. Previous reports
have supported this effect of Si in increasing antioxidant enzyme activity in other species (Gong et al.
2005; Gunes et al. 2007; Shi et al. 2014). Although the mechanisms by which Si influences the activation
of antioxidant enzymes are not yet clear, studies have suggested that it regulates genes (e.g., TaSOD and
TaCAT) that synthesize and activate those enzymes (Ma et al. 2016; Mostofa et al. 2021).

Conclusion
In summary, young Eucalyptus urophylla plants have improved tolerance to water restriction with Si
application, as this element helps to maintain stable cell turgor and improves intrinsic water-use
efficiency. Silicon reduces stomatal conductance and transpiration, preventing a decline mitigating a
decline in CO2 assimilation and promoting osmoregulation. Moreover, Si prevents a decrease in
chlorophyll content and attenuates oxidative stress by inducing an increase in SOD and GPX activities,
thus preventing lipid peroxidation and electrolyte leakage.

Silicon application through the roots, or combined with leaf spray, is more effective in mitigating the
effects of water restriction than using only foliar spray. As eucalyptus is a non-Si accumulating species,
nanossílica becomes an efficient source of Si, with benefits optimized when applied mainly through the
roots.
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Figure 1

Leaf water potential (Ψw) [A] and relative water content (RWC) [B] in young Eucalyptus urophylla plants
subjected to well-watered (WW) and water-deficit (WD) irrigation regimes, in the control treatment (without
Si) and different Si application methods. Uppercase letters compare the control and the Si application
methods in each irrigation regime, while lowercase letters compare irrigation regimes in the control or Si
application methods (n = 5) using Tukey’s test (p < 0.05).

Figure 2
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Stomatal conductance (gs) [A], transpiration (E) [B], CO2 assimilation (A) [C], and intrinsic water-use
efficiency (iWUE) [D] in young Eucalyptus urophylla plants subjected to well-watered (WW) and water-
deficit (WD) irrigation regimes, in the control treatment (without Si) and treatments with different Si
application methods. Uppercase letters compare the control and Si application methods in each irrigation
regime, while lowercase letters compare irrigation regimes in the control or Si application methods (n = 5)
using Tukey’s test (p < 0.05).

Figure 3

Total contents of chlorophylls [A] and carotenoids [B] in young Eucalyptus urophyllaplants subjected to
well-watered (WW) and water-deficit (WD) irrigation regimes, in control treatment (without Si) and Si
application methods. Uppercase letters compare the control and Si application methods in each irrigation
regime, while lowercase letters compare irrigation regimes in the control or each Si application method (n
= 5) using Tukey’s test (p < 0.05).
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Figure 4

Contents of starch [A], soluble sugars (SS) [B], reducing sugars (RS) [C], and proline [D] in young
Eucalyptus urophylla plants subjected to well-watered (WW) and water-deficit (WD) irrigation regimes, in
the control treatment (without Si) and different Si application methods. Uppercase letters compare the
control and Si application methods in each irrigation regime, while lowercase letters compare irrigation
regimes in the control or each Si application method (n = 5) using Tukey’s test (p < 0.05).
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Figure 5

Thiobarbituric acid reactive substances (TBARS) content [A], electrolyte leakage (EL) [B], superoxide
dismutase activity (SOD) [C], and guaiacol peroxidase activity (GPX) [D] in young Eucalyptus urophylla
plants subjected to well-watered (WW) and water-deficit (WD) irrigation regimes, in control treatment
(without Si) and different Si application methods. Uppercase letters compare the control and Si
application methods in each irrigation regime, while lowercase letters compare the irrigation regime in the
control or each Si application method (n = 5) using Tukey’s test (p < 0.05).


