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Abstract: The beneficial effects of silicon (Si) on plants have been widely reported for its fruit
qualitative improvements, growth gains, and protection against abiotic and biotic stresses. This study
aimed to evaluate the combined effect of soil water potential (¥s) (—30 and —60 kPa) and the
foliar application of Si (0.0 (control), 1.0, 2.0, 3.0, and 4.0 g L™!) in the development of tomatoes
grown in a greenhouse. We evaluated the biometric parameters and gas exchange in three periods
(20, 34, and 48 days after planting). The rates of transpiration (E), stomatal conductance (gs), and net
photosynthesis assimilation (A,;) were lower when the plants were subjected to water deficit. The foliar
application of Si attenuated the effect of the water deficit in both levels applied to the crop. A high
response was observed at —60 kPa, regardless of the evaluated period. However, a significant effect
was not observed on the relative chlorophyll index and biomass accumulation when Si was applied.
A foliar application up to 2.8 g L~! promotes increases in Ay, gs, and E. It is highlighted that Si can
promote improvements in gas exchange when plants are affected by a water deficit.

Keywords: Solanum lycopersicum L.; growth; silicon application method; water—plant relationship

1. Introduction

Hydro-climatic conditions affect plants by decreasing the net assimilation rate of photosynthesis
(Ay), stomatal conductance (gs), transpiration rate (E), internal CO, concentration (Ci), and, consequently,
the yield and fruit quality. In several crops, for example, eggplant (Solanum melongena L.),
soybean (Glycine max L.), grapevine (Vitis vinifera L.), and wheat (Triticum turgidum), gas exchange
parameters respond to the soil water potential (¥'s) [1-3].

Patane et al. studied the yield of tomato varieties in response to a prolonged water deficit in the
soil [4], founding that some of cultivars had values of leaf transpiration and proline that indicate a high
tolerance to drought, thus being suitable for cultivation in semi-arid regions. Mesquita et al. reduced the
total amount of water applied during the tomato cycle by applying water deficit levels without affecting
yields [5]. The content of soluble solids increases in tomato fruits under water deficit, maintaining the
titratable acidity and improving its quality for industrial processing. Several studies report the
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effect of soil water status on tomato productivity, but few relate their effect on gas exchange [6,7].
Thus, it is important to use strategies to improve the use and application of water in crops, considering
gas exchange.

The use of silicon (Si) has shown positive results in agriculture to relieve abiotic stresses inherent
to the plant, including water deficits [8,9]. Si helps to reduce water stress; this is attributed to its
polymerization after absorption and deposition in the cell walls of roots, stems, and leaves, forming a
double layer of silica—cuticle and silica—cellulose [10,11]. Thus, there is an increase in the resistance and
hardness of the cell walls, reducing transpiration and increasing the activity of peroxidase, an enzyme
related to the plant’s defense mechanisms [11-13]. In field conditions, Si promoted a higher tolerance
to dehydration and loss of turgor through maintenance of the water content in cells, increasing the
photosynthetic performance and allowing improvement in water-use efficiency [14,15].

The reports in the literature regarding the physiological mechanisms of the response to water
availability in tomatoes are still quite limited; therefore, because the physiological and development
aspects of the plant are closely related to the variation in the water content in the soil, with direct
influence on production, the importance of understanding this set of factors in tomato cultivation
becomes evident. We believe that the foliar application of Si controls stomatal conduction and mitigate
the effects of a water deficit in tomato plants. This study therefore aims to evaluate the effect of the
foliar application of Si on the water-use efficiency of tomatoes under different water potentials in the
soil (¥s), under greenhouse conditions.

2. Materials and Methods

A hybrid cultivar of tomato, Nunhems 901 (N-901), was grown in a greenhouse in the municipality
of Goiania, Goids, Brazil (16°35’N, 49°21’'W; altitude, 724 m a.s.l.). Air temperature (minimum and
maximum) and relative air humidity (%) were monitored. The region has a tropical savanna climate
with dry winters and rainy summers (Aw), according to Koppen climate classification [16].

The experiment was randomized blocks with treatments arranged in a 5 x 2 factorial design,
corresponding to five doses of Si: 0.0 (control), 1.0, 2.0, 3.0, and 4.0 g L™!, and two soil water potentials
(¥s): =30 and —60 kPa, with four repetitions. The water potential values were used following
the recommendation of Mesquita et al. [5], who observed no difference yield when using —60 kPa
to —30 kPa.

The experimental unit consisted of a 12-L pot filled with soil samples with the following fertility
attributes: pH=5.7, P =113.1 mg dm=3 H + Al =13 cmol. dm™3, K =900 mg dm™3, Ca =802 mg dm™3,
Mg = 158 mg dm~3, organic matter = 17.0 g kg ™!, and cation exchange capacity (CEC) = 9.0 cmol. kg™!;
and the following physical attributes: sand = 46%, silt = 20%, and clay 34%. We carefully mixed the
entire volume of the soil before allocation to the experimental units.

Leaf sprays were applied with stabilized alkaline silicate, containing Si = 107 g L™! (3.81 M),
KO =284gL71(0.73M), Cu=149 g L' (0.23 M), and pH = 11.5. Si was applied considering the
amount of 0.0 (control), 1.0,2.0,3.0,and 40 g L1, divided into three applications at 15, 29, and 43 days
after transplantation (DAT), respectively, which are the initial, intermediate, and final flowering periods.
The spraying amount was divided into parts to avoid a phytotoxic effect on the tomatoes. The Si
amount was balanced with K and Cu using K,O and Cu;0O, considering only the Si content a factor
of variation. Thus, all doses contained concentrations of K,O and Cu, being 0.011 M and 0.0088 M,
respectively. A solution of 50 mL was applied per plant, where this was applied uniform and covering
the entire area of the plant. At the time of application, the soil was covered with a plastic tarpaulin to
avoid contamination.

The soil water potential was monitored using ECH,O EC-5 soil moisture sensors (ECH,O EC-5,
Decagon Devices, Pulman, WA, USA), recording the data using data loggers (Em50, Decagon Devices,
Pullman, WA, USA). The sensors were calibrated following Antunes Junior (2018) [17].

The water was applied using drip irrigation, starting the irrigation when the soil water potential
reached —30 and —60 kPa, and ending when the potential reached —10 kPa.
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The plant stem diameter and height, leaf area [18], relative chlorophyll index (CRI)}—using a chlorophyll
meter (ChlorofiLOG CFL 1030, Falker Automagao Agricola, Porto Alegre, RS, Brazil) [19]—and yield at
20, 34, and 48 DAT (five days after Si application) were measured.

The leaf gas exchange rate (4, gs, E, and Ci) were measured using an infrared gas analyzer (IRGA,
ADC Bioscientific Ltd., Hoddesdon, Herts, England) coupled with a fluorometer of a 6.25 cm? leaf
chamber (iFL, ADC Bioscientific Ltd., Hoddesdon, Herts, England). A photosynthetic activity radiation
lamp provided supplementary light at a photon flux density of 1000 umol m? s~}, and the airflow was
set at 150 pumol mol~!. The measurements were done on three leaves (from an intermediate position on
the stem) for each plant, during the period from 9:00 a.m. to 10:00 a.m., when the highest stability of
the gases in the atmosphere occurs [20].

The data obtained were subjected to analysis of variance by the F test. For the soil water status
factor, the F test (p < 0.05) was conclusive, as there were only two stresses, while the polynomial
regression analysis was used for the Si doses, with its significance verified by the LSD test (p < 0.05).

3. Results

There was a significant effect of soil water potentials on plant height and stem diameter at 48 DAT
(Table 1). It is possible to observe a significant effect for plant height on the interaction between the five
doses of Si and the two water potentials of the soil at 48 DAT (Table 1). This interaction between Si and
water potential was not observed at 20 and 34 DAT. According to the F test (p-value > 0.05), the leaf area,
the number of fruits, the relative chlorophyll index, and the yield were statistically equal (Table S1),
regardless of the evaluation time, silicon doses, and water tension applied to the soil (Table 1).

Table 1. ANOVA summary of the biometric variables, namely, the stem height (cm), diameter (mm),
leaf area (cm?), fruits, relative chlorophyll index (RCI), and yield (t ha™!) with application of five doses
of Si (0.0 (control), 1.0,2.0,3.0and 4.0 g L~1) and two soil water potentials (—30 and —60 kPa), at 20, 34,
and 48 days after transplantation (DAT).

Mean Square

V.E DF
Height Diameter Leaf Area  Fruits RCI Yield
Block 3 338 ™ 751 ™ 214 ™ - 2552 ™ -
z Dose (D) 4 1454 ™ 055 ™ 058 ¢ - 9.09 -
A Tension(T) 1 1563 ™ 160 ™ 389 ™ - 1476 ™ -
I DxT 4 6084 ™ 258 ™ 774 718 - 3165 ™ -
Residual 27 3049 - 166 - 170 - - 1324 - -
C.V. (%) - 1652 - 2394 - 5386 - - 9.73 - -
Block 3 8063 ™ 370 ™ 1359 ¢ - 713 ™ -
= Dose (D) 4 4794 ™ 214 ™ 161 ¢ - 681 ™8 -
g Tension (T) 1 31923 ™ 002 ™ 949 - 757 nS -
- DxT 4 26616 ™ 541 ™ 250 ™ - 593 ™ -
@ Residual 27 101.03 - 273 - 243 - - 1328 - -
C.V. (%) - 1815 - 2000 - 3037 - - 10.13 - -
Block 3 47743 * 859 ™ 1.00 ™ 1469 ™ 692 ™ 16.06 ™
= Dose (D) 4 7791 ™ 281 ™ 109 "™ 766 " 3680 " 10175 ™
<QC Tension (T) 1 1166.40 * 26.08 ** 1.65 ™ 11.02 ™ 046 " 11.034 ™
© DxT 4 43034 * 349 ™ 229 ™ 2346 ™ 627 " 18248 ™
h Residual 27 1349 - 299 - 231 - 2082 - 3691 - 7801 -
C.V. (%) - 1375 - 1763 - 3437 - 7390 - 1376 - 5697 -

(=) no values; (*) significant at 5% by the F test; (**) significant at 1% by the F test; and (") not significant at 5% by
the F test.
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At a soil water potential of —60 kPa, the stem diameter and plant height had lower values than
those with a water potential in the soil of —30 kPa. The percentage reduction was 12.1% and 15.2%,

respectively, for the height and diameter (Figure 1).
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Figure 1. Plant height (a) and stem diameter (b) of tomatoes under potential water in the soil (¥'s) of =30
and —60 KPa at 48 DAT. Different letters represent statistically relevant differences at 5% by the F test.

Figure 2 shows a regression analysis between the interaction of Si doses and potential water in the
soil at the height variable at 48 DAT (p-value < 0.05). A regression analysis between the Si doses and
stem height (Figure 2) showed that there was a significant effect of Si doses submitted to ¥s = —30 kPa
(p-value < 0.05); there was an increase in the height of the main stem, reaching 96.29 cm, with an
estimated dose of 2.60 g L™! of silicon, with a subsequent reduction with the application of higher
doses. The same effect was not observed at ¥s = —60 kPa (p-value > 0.05).
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Figure 2. Plant height of the tomatoes under different water potentials in the soil in interaction with Si
application at 48 DAT. (**) significant at 1% by F test; and ("*) not significant at 5% by F test.

Table 2 shows the results of the analysis of variance (ANOVA) of the gas exchange parameters
of tomato plants subjected to two soil water potentials and five doses of Si, at 20, 34, and 48 DAT.
There was a significant effect in the F test regarding the interaction between the five doses of Si and the
two water potentials of the soil for all parameters of gas exchange of tomatoes at 20, 34, and 48 DAT.
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Table 2. ANOVA summary of the tomato gas exchange, namely, the transpiration rate (E),
stomatal conductance (gs), internal CO, concentration (Ci), and net photosynthesis assimilation
rate (A;) subjected to five doses of Si (0.0 (control), 1.0, 2.0, 3.0 and 4.0 g L) and two soil water
potentials (=30 and —60 kPa), at 20, 34, and 48 DAT.

Mean Square

V.E DF
E gs Ay Ci

Block 2025 * 001l * 6906 * 1057.60 *

. Dose (D) 4 124 * 005 * 58423 * 14,079.78 **

<Dc Tension (T) 1 3567 * 014 * 52693 * 23240.83 **

= DxT 4 162 * 008 ** 36557 ** 8431.80 **
' Residual 18 0.02 0.00 10.92 225.56
C.V. (%) 2.02 5.49 9.86 6.91

Block 2 020 * 001 * 868 " 6303 ™

. Dose (D) 4 307 * 011 ** 36885 ** 555687 **

<Dc Tension (T) 1 3685 ** 0.02 * 142844 ** 26,048.53 **

= DxT 4 280 * 008 ** 20389 * 1141.01 *
®  Residual 18 0.01 0.00 3.50 106.40
C.V. (%) 1.69 443 5.14 5.08

Block 2 004 ™ 000 ™ 1625 D 1002.13 ™S

. Dose (D) 4 311 * 010 * 411.06 * 7100.87 **

g Tension (T) 1 830 ** 0.83 * 1987.70 ** 1888.13 ©¢

= DxT 4 555 * 016 ** 95710 * 941610 **
Y Residual 18 0.03 0.00 27.94 1018.95
C.V. (%) 429 6.90 15.54 12.71

(*) significant at 5% by the F test; (**) significant at 1% by the F test; and ("*) not significant at 5% by the F test.

The responses of the transpiration rate (E), stomatal conductance (gs), net photosynthesis
assimilation rate (A;), and internal CO, concentration (Ci) are shown, respectively, in Figures 3-5, as a
function of the Si amount (g L1 subjected to the two levels of water potentials (=30 and —60 kPa),
at 20, 34, and 48 DAT.
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Figure 3. Responses of transpiration rate (a), stomatal conductance (b), net photosynthesis assimilation
rate (c), and internal concentration of CO, (d) to different amount of Si (g L subjected to two levels
of water restriction (=30 and —60 kPa) at 20 DAT. (**) significant at 1% by F test.
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Figure 4. Responses of the transpiration rate (a), stomatal conductance (b), net photosynthesis
assimilation rate (c), and internal concentration of CO, (d) to the different doses of Si (g L subjected
to two levels of water restriction (-30 and —60 kPa) at 34 DAT. (**) significant at 1% by F test.
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Figure 5. Responses of the transpiration rate (a), stomatal conductance (b), net photosynthesis
assimilation rate (c), and the internal concentration of CO; (d) for different doses of Si (g L1 subjected
to two levels of water restriction (=30 and —60 kPa) at 48 DAT. (**) significant at 1% by F test.
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The gas exchange evaluation showed significant differences in the responses to Si doses subjected to
soil water potentials of —30 and —60 kPa (p-value < 0.05) (Figure 3). At a soil water potential of —60 kPa,
the Si amount of 2.60 g L~! promoted in the maximum transpiration (E), reaching 6.41 mol m~! 571,
49.6% higher than the control treatment.

Stomatal conductance (gs) showed a different behavior in relation to the application of silicon
doses at different soil water potentials (Figure 3). There was a decline in gs with the tension of
—30 kPa, up to the dose of 4 g L1 of Si, reaching 0.59 mol m~2 s~L, While, at the tension of —60 kPa,
an increase in gas occurred until reaching 0.71 mol m~2 s~!, with an application of 3.00 g L™! of Si
(Figure 3). The photosynthetic rate (A;) decreased with the increase in silicon doses with the tension
of —30 kPa, in which the estimated application of 0.09 g L' of Si presented a higher photosynthetic
rate, 50.41 pmol mol~!. In the soil with a tension of —60 kPa, A,, increased until the estimated dose
of2.60 g L1, reaching 40.72 pumol mol~!. The internal concentration of CO, (Ci) showed a similar
behavior than photosynthesis, showing a second—order polynomial adjustment, reaching a Ci of
142.168 and 187.59 pmol m~2 s~2, with an application of 0.94 and 2.83 g L™! of Si, respectively, at the
soil water potentials of —30 and —60 kPa (Figure 3).

There was a decrease in gas exchange at 34 DAT, which was affected by the soil water potential
(Figure 4). The photosynthetic rate and internal CO, concentration had a statistically significant result
for Si amount at a soil water potential of —30 kPa; however, the statistical adjustment was poor, with a
low determination coefficient (R? < 0.26) (Figure 4).

E and gs were reduced with the increase in Si at a soil water potential of —30 kPa, at 34 DAT,
where reductions, respectively, of 5.9% and 14.3% were observed between the control and maximum Si
amount. The gs obtained a reduction of 73.1% when comparing the control to the maximum Si amount
at a soil water potential of —60 kPa (Figure 4). Tomato showed higher rates of gs (0.86 mol m2s71),
Ay (38.20 pmol mol 1), and Ci (250.82 umol m~2 s~2) with foliar applications of 1.61,1.52, and 2.26 g L
of Si, respectively (Figure 4). The internal CO, concentration subjected to a lower water restriction
(¥s = —30) also increased to 202.55 pmol m~2 s=2 with the application of the estimated dose of 3.26 g L~}
of Si (Figure 4).

At 48 DAT, the treatments with a soil water potential of —60 kPa showed better gas exchange rates
at Si doses between 1 and 3 g L™! when compared to —30 kPa. An amount of 0.2 and 0.5 g L™! of Si
promoted the highest values of E (5.79 mol m~2 s~!) and gs (0.83 mol m~2 s71), respectively, at a soil
water potential of —60 KPa; however, with increasing this amount until 4 g L=! of Si, a reduction in E
and gs of about 24% and 35%, respectively, was seen. This treatment differs from that observed for An,
in which the net assimilation rate of photosynthesis did not differ significantly between the control
treatment and a dose of 3 g L™'. However, a dose of 4 g L™! showed a mean reduction of 81.7% on An
at a soil water potential of —60 KPa (Figure 5).

4. Discussion

The transpiration rate (E), stomatal conductance (gs), and net photosynthesis assimilation rate
(An) were lower when plants were subjected to a water deficit (¥s = —60 kPa) at 20 and 34 DAT
(Figures 2 and 3). The foliar application of Si influenced the gas exchange regardless of the condition
of the water deficit induced during the cultivation of plants, leading to a greater effect at a soil
water potential of —60 kPa. Improvements in plant development by applying Si under water deficit
conditions have been documented for many crops, including sorghum [21], rice [22], and tomatoes [23].
This improvement occurs because Si provides protection against the oxidative stress induced by
drought, changes the behavior of the antioxidant enzyme system of the chloroplast, protects against
lipid peroxidation of the membrane caused by environmental stresses, and reduces the accumulation
of HyO; and O, [23,24]. According to Rizwan et al. (2015) [25], Si is deposited in the leaf epidermis,
acting as a physical barrier and preventing water loss by plants, mainly due to its role in the antioxidant,
photosynthetic, and osmotic system of plants.
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Ci had an inversely proportional relation to E, gs, and A, across the different Si amounts and
soil water potentials. When plants were subjected to a water deficit (¥s = —60 kPa), and there was
a harmful effect, Ci showed a higher concentration (Figures 2—4). The first response of plants to
a water deficit is to close stomata to prevent water loss through transpiration [26]. This response
can result in a decreased leaf water potential and leaf turgor. Gao et al. found that Si could act as
a moderator of cuticular and stomatic transpiration [27]. Si is deposited below the cuticle layer on
leaves, decreasing the rate of transpiration and maintaining a high relative water content in leaves,
leading plants to not consume more water when it has a high osmotic potential [28], justifying the
higher Ci indexes found in this study.

Studies have been carried out to find the mechanism of tolerance to abiotic stresses in plants
under the influence of Si [14,29,30]. The use of Si increase plant tolerance to water deficits due to Si
delaying the degradation of chlorophyll protein complexes [22], enabling the process of absorption,
transfer, distribution, and transformation of light energy [31]. Si not only increases the content of
photosynthetic pigments but also increases the basal quantum yield and the maximum photochemical
efficiency of photosystem II [32]. Since there was an increase in the quantum efficiency of photosystem
II, there is a decrease in the loss of cellular electrolytes and free proline content, which allows for higher
biomass production and plant growth [33].

The beneficial effects of Si on plants subjected to drought can be partially attributed to its positive
impact on the state of the water and on the photosynthesis of plants [34]. It is verified that Si also
influences the concentration of inorganic phosphorus in leaves [35]. Inorganic phosphorus is an
important component and affects the synthesis of ATP in the chloroplast; in its absence, there is
a reduction in photosynthetic rates, transpiration, and stomatal conductance [36]. According to
Liang et al. (2006), Si maintains membrane fluidity by adjusting the phospholipid and protein levels,
increasing the glutathione concentration [37], which helps to reduce the oxidative damage to enzymes
induced by active oxygen species and improves the membrane’s H+—ATPase plasmatic activity,
thus causing an improvement in photosynthesis by adding Si under water deficit conditions [38].

Transpiration was regulated at 20 DAT when Si was applied (Figure 2). E increased with doses of
Si between 1 and 4 g L~! for ¥s = —60 kPa in relation with the control at 20 DAT. However, at 34 and
48 DAT (Figures 3 and 4), there is a decrease in E when applied with Si. Liang et al. explained that the
accumulation of polymerized silicic acid on epidermal cell walls could form bonds between hydrogen,
water, and hydrated silica, making water molecules less likely to escape from the leaf surface [39].

Si increases the gs and E of plants due to an improved water status in plants under water deficit
due to an increased water uptake by the roots [38]. Sonobe et al. suggested that the addition of Si to
plants increases the water uptake by roots under water-stress conditions through the accumulation of
soluble sugars and amino acids [40]. Proline is an amino acid that protects plants against drought and
stress due to salinity, maintaining osmotic adjustment, metabolizing antioxidants, being modulators of
reactive oxygen species and the main enzyme components of the antioxidant defense system, as well
as ensuring the integrity of cell membranes [41]. However, Pei et al. found that the concentration of
proline increases in wheat leaves under water stress, producing symptoms along with the plant and not
acting as a cause of tolerance to water stress and that the addition of silicon decreases the accumulation
of proline [42]. Cao et al. found that Si restricts the accumulation of reactive oxygen species induced by
drought, promoting energy dissipation in tomato leaves and significantly improving the gas exchange
parameters such as gs, E, and A, [43].

The water deficit and Si doses did not cause significant effects on the relative chlorophyll index
(Table 1). A lower level of chlorophyll or unchanged levels during water stress has been reported for
other species, depending on the duration and severity of the water deficit [44]. The relative chlorophyll
index (RCI) is an important factor in plant productivity metrics since it is directly proportional to the
photosynthesis rate for biomass production [45]. These results corroborate the lack of significance of
the results related to the highest biometric parameter.
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The water status of a plant is a key parameter that acts as an important regulator of the physiological
and molecular responses during low water availability [46]. To minimize the damage caused by water
deficits, plants have developed several strategies to adapt to water stress. Si is listed as a beneficial
element that improves drought tolerance in plants [34]. Studies have shown a positive effect of Si on
the tolerance to water stress in tomatoes. Si significantly increases the biomass of tomatoes grown
under water-stress conditions. They have also indicated that Si improves the drought tolerance of
non-Si-accumulating plants, suggesting that Si-based fertilizers could be used in tomato production in
arid areas [47,48].

5. Conclusions

Supplementation of silicon (Si) improves the gas exchange rates of tomatoes at a soil water
potential of —60 KPa. The supplementation of plants with Si increases the stomatal conductance,
transpiration, and photosynthesis rate. These effects result in the calculation of an optimal CO,
concentration, which avoids photoinhibition and maintains the non-difference between the biometric
variables of the treatments. Doses greater than 3.0 g L™! under the potential soil water of —60 kPa are
harmful to tomato crops for industrial processing at 34 and 48 days after transplantation. A foliar
application up to 2.8 g L~! promotes an increase in the net assimilation rate of photosynthesis (A;),
stomatal conductance (gs), and transpiration rate (E). Thus, Si shows potential to be used in strategies
regarding limited water availability to tomato, to improve its gas exchange.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/11/1715/s1,
Table S1: ANOVA summary of the biometric variables, namely, the stem height (cm), diameter (mm), leaf area
(cm?), fruits, relative chlorophyll index (RCI), and yield (t ha™!) of plants subjected to —30 and —60 kPa at 20, 34,
and 48 days after transplantation (DAT).
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