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Abstract: Abiotic stress caused by drought impairs plant growth and reduces yields. This study aimed
to investigate the impact of silica nanoparticles (5i0, NPs) through the adverse effects of drought on
the growth, oxidative stress, and antioxidative response of pea ‘Respect’. Pea plants were grown in a
greenhouse before being watered (100 & 1 mL per pot) or foliar sprayed (ca. 14 £ 0.5 mL plant‘l)
with suspensions containing SiO, NPs (0, 12.5 ppm, 25 ppm, and 50 ppm) and were exposed to
drought stress for 10 days. Drought stress was created by maintaining 30% of the soil moisture while
the control was 80%. The growth parameters of pea grown under drought stress conditions were
improved by spraying or watering plants with SiO, NPs (12.5, 25, and 50 ppm). At drought stress,
peas treated with SiO; NPs (50 ppm) increased their relative water content by 29%, specific leaf area
by 17%, and decreased root/shoot ratio by 4% as compared to plant non-treated with SiO, NPs.
In addition, spraying or watering of SiO, NPs increased peas tolerance to drought by increasing
the activity of antioxidant enzymes at least three times including catalase, ascorbate peroxidase,
glutathione reductase, and superoxide dismutase, as well as reducing hydrogen peroxide and lipid
peroxidation in plant tissue. It was observed the increase in total phenolic compounds and non-
enzymatic antioxidant activity (DPPH, ABTS, FRAP) in peas treated with SiO, NPs under drought
stress. The physiological response of peas to drought and the effects of SiO, NPs studied in this
experiment based on the use of the concentration of 50 ppm nanoparticles can protect peas from the
damaging effects of drought and could help reduce global food shortages.

Keywords: antioxidant activity; drought; green pea; oxidative stress biomarkers; SiO, nanoparticles

1. Introduction

Field peas play an important role in crop rotation due to their ability to fix atmospheric
nitrogen in a symbiotic association with Rhizobium bacteria and fulfill the nitrogen demand
of the succeeding crops, as well as can be used for both human food and animal feed.
However, climate change has led to increased heterogeneity of precipitation, ranging
from heavy to drought [1], leading to unstable crop yields and seed protein content, thus
contributing to the reduction in field pea cultivation in the world according to Food and
Agriculture Organization Statistics (FAOSTAT). To restore pea cultivation in the world, new
ways such as nanotechnology need to be discovered to maintain a constant pea harvest
regardless of environmental factors, as well as to maintain soil quality [2-5].

Nanoparticle (NPs), according to their unique properties: size, surface charge, shape,
and potential interaction with plants could help to reduce the impact of drought [6]. It has
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been described that NPs ranging in size from 4 to 100 nm can cross the cuticle by disrupting
the wax layer [7], and fluorescently tagged >50 nm NPs can accumulate in the epidermis
under the cuticle where stomata are absent [7,8]. Negatively charged plant cell walls act as
an ion exchange surface that potentially promotes the penetration of cationic NPs rather
than anionic NPs [9], but show much higher adsorption on the root surface of positively
charged NPs [10]. With increasing interest in silica NPs (SiO, NPs), it has been found that
5iO, NPs through symplastic and apoplastic pathways (through cell wall microchannels)
penetrate the roots and then reach other parts of the plant through conductive tissues [5,11].

Silicon (Si) is not essential for plants, but in drought stress, it can affect the water
ratio in drought-affected plants, reduce stomatal conduction associated with protective
cell turgor loss, improve the ability to extract water from the soil due to the promotion of
root elongation and the regulation of aquaporin genes [12]. Si NPs can reduce oxidative
stress by increasing antioxidant enzyme activities and decreasing reactive oxygen species
(ROS) in plant leaf [7,13-15]. In a salinity experiment with sweet peppers and different
forms of Si, it was found that using SiO, NPs resulted in 15% higher plants, 34% higher
fresh, and 36% dry biomasses and 11% higher total chlorophyll content and 30% yield
compared to bulk Si [16]. In wheat seedlings, Si NPs (size 20-95 nm) were found to be more
effective than bulk SiO; in response to UV-B stress as well [17]; Si NPs successfully reduced
lipid peroxidation by 82% and electrolyte leakage, as well as increased catalase (CAT)
and superoxide dismutase (SOD) activity, resulting in increased antioxidant resistance of
wheat to UV-B. More studies have demonstrated the effectiveness of SiO, NPs against
abiotic stress in different plants. In strawberries, peroxide concentrations and total phenols,
vitamin C, CAT, SOD, ascorbate peroxidase (APX), and glutathione peroxidase (GPX)
were increased by spraying with 125 ppm SiO; NPs under severe to moderate drought
stress [14]. SiO, NPs had a positive effect on photosynthesis and gas exchange in rice
seedlings [18]. Besides 30 ppm of Si NPs foliar application reduced oxidative stress as
evidenced by low levels of malondialdehyde (MDA) and electrolyte leakage and increased
production of antioxidant enzymes such as SOD by 5%, APX by 41%, and CAT by 40%
in rice tissues. In potatoes, increased GPX and SOD activity was observed after spraying
with 50 ppm SiO, NPs under salinity stress [19]. Si NPs protected from oxidative stress in
pea seedlings treated with Cr (VI) [20]; the application of SiO, NPs on Cr (VI) treated peas
significantly increased the activity of enzymes such as SOD, APX, CAT, glutathione, and
dehydroascorbate reductases. Another study [21] investigated the effects of SiO, NPs on
marigold plants after spraying and watering them, observed that the CAT activity in plant
leaves was higher when irrigated with the same concentration of SiO, NPs as compared to
spray, but the opposite effect of the suspension was found for peroxidase—higher activity
was found in sprayed plants.

In recent decades, the application of NPs to improve the resistance of various crops to
abiotic stress was discussed, but there is still no consensus on the benefits of NPs for plant
growth and yields. An array of plant species, different NPs, their particle size and concen-
trations, and application pathways have been used in the literature; however, knowing
the beneficial role of Si to drought-affected plants [12], little data is available on the effects
of 5i0, NPs against drought stress in the Legumes family which are popular crops in the
world. It was hypothesized that watering or foliar application of SiO, NPs alleviates oxida-
tive stress in drought-affected peas by inducing non-enzymatic and enzymatic antioxidant
activity. Therefore, the present study aimed to investigate the effect of watering and foliar
application of different SiO; NPs concentrations on the growth traits of drought-affected
green peas (Pisum sativum L.), to elucidate the influence of SiO, NPs on oxidative stress
and antioxidative response in peas exposed to drought.

2. Materials and Methods
2.1. Study Site and Treatments

The research was carried out in a greenhouse (3 X 6 m, h = 2 m) at the Lithuanian
Research Centre for Agriculture and Forestry, Institute of Horticulture, Babtai, Lithuania
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(55°05'08.4"" N 23°48'03.5"" E, at an altitude of 51 m; moderate climate zone of the northern
hemisphere), from 6 May to 22 June. Before sowing, green pea (Pisum sativum L. cv. Respect,
Maribo Seed International ApS, Holeby, Denmark) seeds were sterilized in 5% sodium
hypochlorite solution for 15 min to assure surface sterility and rinsed gently with deionized
water several times. Then, seeds were soaked in water for 24 h. Ten seeds were sown in 10-L
volume plastic pots (7 pots per treatment, arranged randomized), filled with ~8 kg of soil
mixture (7:1 soil to perlite ratio, respectively). The granulometric composition of the soil was
heavy loam, pH 7.4 & 0.1; concentration of humus—3.6 & 0.1%; PyO5—243 & 8 mg kg~ };
K,O—348 + 37 mg kg~ !; NH;—4 + 0.6 mg kg~!; NO3—22 + 0.9 mg kg~ !; SiO,_39 +
0.8 mg kg~ !. Pea seedlings were thinned to 7 plants per pot 5 days after sowing. After
16 days of cultivation, the peas were fertilized with 7 g pot~! ammonium nitrate. Pots
were irrigated with water by graduated cylinder daily to 80% of substrate moisture (SM)
using substrate moisture sensor (Delta-T devices, HH2 moisture meter, Cambridge, UK)
for 23 days (6 May till 12 June). In the greenhouse with a natural day length photoperiod,
the average day/night temperature was 24.2/14.4 °C; relative air humidity—54/75 £ 5%
before exposure; during the drought treatment the average day/night temperature was
26.2/17.0 °C and the relative air humidity was 50/73 % 5%, data were measured throughout
the experiment (Termio + data logger, Poland). When the peas reached the 40 BBCH growth
stage [22], they were watered (100 = 1 mL per pot) or foliar sprayed until full wetting (ca.
14 4 0.5 mL plant~!) with solutions containing different concentrations of SiO, NPs: 0
(watered or sprayed with water, NPs-untreated), 12.5 ppm, 25 ppm, and 50 ppm. After the
application of SiO, NPs, the watering of pea plants was stopped and drought stress was
initiated (30% SM), while control plants were irrigated with water to maintain normal soil
moisture (80% SM) throughout the experiment. These regimes were applied for 10 days
(12 June till 22 June) until harvest. Plants were harvested after reaching the BBCH 50 growth
stage from each treatment to assess their morphophysiological responses.

SiOy NPs solutions were prepared with silica (SiOp) NPs (particle size: 20-30 nm;
purity: 99%; US Research Nanomaterials, Inc, Houston, TX, USA). The NPs with con-
centrations of 12.5 ppm, 25 ppm, 50 ppm, were suspended in deionized (DI) water and
ultrasonically dispersed for 60 min. The NPs size and suspension stability were measured
using Delsa™ Nano Submicron Particle Size (Beckman Coulter Instruments Corporation,
Fullerton, CA, USA) and Zeta Potential device (Dispersion Technology Inc., Bedford Hills,
NY, USA). The data in Table 1 show the negative charge of NPs in the suspensions and the
stability of the systems, furthermore the NPs suspensions tend to be more monodisperse
according to the polydispersity index (PDI).

Table 1. Properties of SiO; NPs suspension in DI water (pH = 7.05): zeta potential, results represent
the mean = standard error, polydispersity index, and percentage of nanoparticles between 1-100 nm.

Suspension of SiO, NPs

Zeta potential ((; mV) —20.64 £ 0.333
Polydispersity index (PI) 0.34
NPs size 1-100 nm in suspension (%) 70

2.2. Relative Water Content, Specific Leaf Area, and Root/Shoot Ratio

Ten pea plants were randomly selected from each treatment for biometric measure-
ments. The shoots were separated from the roots and then fresh weight (FW) and dry
weight (DW) were determined (n = 10). The FW and DW were measured with an electronic
scale (Mettler Toledo AG64, Columbus, OH, USA) and DW was determined following
forced-air convection drying at 105 °C to a constant dry weight (Venticell 222, MBT, Brno,
Czech Republic). After shoot FW determination, 10 matured plants per each treatment



Horticulturae 2022, 8, 35

40f15

were floated on deionized water for 24 h and then turgid weights (TW) were measured.
Relative water content (RWC) was calculated, using the following equation [23]:

(FW — DW)

RWC, % = ———~
% = (TW —DW)

x 100 1)

The leaf area was measured using an automatic leaf area meter (AT Delta-T Devices,
Wallingford, UK) expressed as cm? g~!. For calculation of specific leaf area (SLA), the total
plant leaf area (n = 10) was divided by the shoot DW. Root/shoot ratio was determined as
the ratio of root DW to aboveground DW.

2.3. Antioxidant Properties and Total Phenolic Compounds

Antioxidant properties of pea leaves were evaluated as the DPPH (2-diphenyl-1-
picrylhydrazyl), ABTS (2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)) diammo-
nium salt, radical scavenging activities, and Fe?* reducing antioxidant power assay (FRAP);
the total contents of phenolic compounds were also determined. Extracts were prepared
by grinding 0.3 g of plant leaves with liquid nitrogen and diluting with 5 mL of 80%
methanol. After 24 h, the samples were centrifuged for 10 min at 3000 rpm (Hermle Z300K,
Baden-Wiirttemberg, Germany), extracts were filtered through cellulose filters and the
supernatant was used for further analyses. All biochemical analysis was performed in 3 bio-
logical replications. Each of three biological replicates consisted of at least three conjugated
plants and was repeated in three analytical replicates.

The total content of phenolic compounds was determined as gallic acid equivalents. A
250 pL aliquot of the sample extract was mixed with 250 pL of 10% (w/v) Folin—Ciocalteu
reagent, 500 L of 1 M NapCOs solution, and 2 mL of distilled water [24]. After incubation
for 20 min in the dark, the absorbance was measured at 765 nm (M501, Spectronic Camspec
Ltd., Leeds, UK). The total phenolic compounds quantity mg g~! was calculated from the
calibration curve of the gallic acid (0.01-0.1 mg mL~!, R? = 0.99).

The ABTS (2,2"-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) radical cation was
obtained by incubating the 7 mM ABTS stock solution (100 mL) with 2.45 mM potassium
persulfate (K,S,0s; final concentration) and allowing the mixture to stand in the dark at
room temperature for 12-16 h before use [25]. Thereafter, 50 uL of the prepared sample was
mixed with 2 mL of ABTS solution (ABTS stock solution was diluted 1:7) and the absorbance
was measured after 11 min (plateau phase) at 734 nm (M501, Spectronic Camspec Ltd.,
Leeds, UK). The ABTS scavenging activity of pea leaves extracts was calculated as the
difference between the initial absorbance and after reacting for 10 min. A calibration curve
was determined using Trolox (6-hydroxy-2,5,7, 8-tetramethychroman-2-carboxylic acid; 97%
purity; Sigma-Aldrich, Burlington, MA, USA) as an external standard with a range of
concentrations from 0.1 to 0.8 mM (R? = 0.99). It was expressed as ABTS umol scavenged
per 1 g of fresh weight (umol g~ FW).

For DPPH (2-diphenyl-1-picrylhydrazyl) assay, a stable 126.8 uM DPPH (100% purity;
Sigma-Aldrich, Burlington, MA, USA) solution was prepared in methanol [26]. Subse-
quently, 1 mL of the DPPH solution was transferred to a test tube and mixed with 100 uL
of the diluted pea extract with 400 uL methanol. The absorbance was scanned at 515 nm
(M501, Spectronic Camspec Ltd., Leeds, UK) while reacting for 16 min. The free radical
scavenging capacity was expressed as pmol of DPPH radicals scavenged per 1 g of fresh
weight (umol g~! FW). A calibration curve was determined using Trolox (6-hydroxy-2,5,7,8-
tetramethychroman-2-carboxylic acid; 97% purity; Sigma-Aldrich, Burlington, MA, USA)
as an external standard with a range of concentrations from 0.1 to 0.6 mM (R? = 0.99).

The FRAP method is based on reducing ferric ion (Fe3*) to ferrous ion (Fe?*). The fresh
working solution was prepared by mixing 300 mM, pH 3.6 acetate buffer, 10 mM TPTZ
(2/4,6-tripyridyl-s-triazine) solution in 40 mM HCI, and 20 mM FeCl; x 6H,O at 10:1:1
(v/v/v) [27]. 20 uL of the sample was mixed with 3 mL of working solution and incubated
in the dark for 30 min. Readings of the colored product (ferrous tripyridyl-triazine complex)
were then taken at 593 nm. A calibration curve was determined using Fe;(SO4)3 (Iron
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(IIT) sulfate; 97% purity; Sigma-Aldrich, Burlington, MA, USA) as an external standard
with a range of concentrations from 0.005 to 0.5 mM (R% = 0.99). The antioxidant power is
expressed as Fe?* antioxidant capacity (Fe?* umol g~ FW).

2.4. Malondialdehyde and Hydrogen Peroxide

The extracts used to determine the concentration of lipid peroxidation and hydrogen
peroxide (H>O,) in pea leaves were prepared by grinding 0.1 g of fresh sample with liquid
nitrogen and diluting with 4 mL of 0.1% TCA (trichloroacetic acid). After centrifugation for
10 min at 3000 rpm (Hermle Z300K, Baden-Wiirttemberg, Germany), the supernatant was
used for further analyses.

For H,O; measurements in plant leaves, 500 uL of the supernatant was added to 1 mL
of 1 M potassium iodide (KI). The absorbance of the mixture was scanned at 390 nm using
a spectrophotometer (M501, Spectronic Camspec Ltd., Leeds, UK). A calibration curve was
determined using H,O, (30% hydrogen peroxide) as an external standard with a range of
concentrations from 0.6-24.3 mM (R? = 0.99). The content of H,O, is expressed in fresh
weight (umol g~! FW) [28].

The TBARS test determines malondialdehyde (MDA) content in pea leaves samples
as the end product of lipid peroxidation. 500 uL of the supernatant was added to 1 mL
0.5% (w/v) thiobarbituric acid (TBA) in 20% trichloroacetic acid (TCA). The mixture was
incubated in boiling water for 30 min. The reaction stopped after the samples have cooled.
The samples were centrifuged at 10,000 g for 5 min, and the absorbance of the supernatant
was measured at 532 nm using a spectrophotometer (M501, Spectronic Camspec Ltd., Leeds,
UK). The value for non-specific absorbance at 600 nm was subtracted [29]. The amount of
MDA-TBA complex (red pigment) in leaves was calculated and expressed as nmol g™! FW:

Cwmpa = (A532 — A600)/Enpa @)

Cympa—concentration of MDA, uM
A532, A600—Absorbance at wavelengths

Enmpa—MDA extinction coefficient 155 mM ! em !

2.5. Antioxidant Enzymes Activities

The extracts used to determine the activity of superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), and glutathione reductase (GR) in pea leaves were
prepared by grinding 0.5 g of fresh sample with liquid nitrogen and diluting within 5 mL
extraction buffer (100 mM potassium-phosphate buffer, pH 7.8, containing 0.1 mM EDTA).
After centrifugation for 10 min at 3000 rpm (Hermle Z300K, Baden-Wiirttemberg, Germany),
the supernatant was collected and used for the assays of enzymatic activities. All steps in
the preparation of the enzyme extract were carried out at 4 °C.

For soluble protein determination, the dye-binding method and bovine serum albumin
as standard were used. A volume of 30 uL of enzyme extract was mixed with 1.5 mL of
Bradford reagent diluted by 1:5 with DI water. Absorbance was read after 2 min. through a
spectrophotometer (M501, Spectronic Camspec Ltd., Leeds, UK) at 595 nm [30].

Total SOD activity was estimated by the inhibition of the photochemical reduction of
nitroblue tetrazolium (NBT) by the enzyme [31]. Three mL of reaction mixture consisted of
13 mM methionine, 75 uM NBT, 100 mM potassium phosphate buffer (pH 7.8, containing
0.1 mM EDTA), 50 uL enzyme extract, and 13 pM riboflavin. The tubes were under
150 umol m~2 s~ ! for 1 min to initiate the reaction and then covered. The absorbance was
recorded after 30 min by spectrophotometer (M501, Spectronic Camspec Ltd., Leeds, UK)
at 560 nm, and one unit of enzyme activity was taken as that amount of enzyme, which
reduced the absorbance reading to 50% in comparison with tubes lacking enzyme expressed
as unit mg ! protein min 1.

CAT activity was measured as the disappearance of H,O, [32]. A volume of 100 pL
enzyme extract was added in 1.275 mL of 0.1 M phosphate buffer (pH 7.8, containing
0.1 mM EDTA); the reaction started by adding 125 pL of 30 mM H,O;. The decrease in
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absorbance measured by spectrophotometer (M501, Spectronic Camspec Ltd., Leeds, UK)
at 240 nm was observed for 1 min and enzyme activity was computed by calculating the
amount of H,O, decomposed (umol HyO, mg_1 protein min~1).

APX activity was assayed by recording the decrease in optical density due to ascorbic
acid at 290 nm [33]. The 1 mL assay mixture contained 0.1 M potassium phosphate buffer
(pH 7.8, containing 0.1 mM EDTA), 0.5 mM ascorbic acid, 0.1 mL enzyme extract, and
0.1 mL of 30 mM H,O, was added to initiate the reaction. The decrease in absorbance
was measured spectrophotometrically (M501, Spectronic Camspec Ltd., Leeds, UK) for
1 min and the extinction coefficient of 2.8 mM~! cm~! for reduced ascorbate was used in
calculating the enzyme activity that was expressed as umol AsA mg~! protein min~—1.

Measuring GR activity based on the rate of decrease in the absorbance of oxidized
glutathione (GSSG), at 340 nm [34]. The reaction mixture contained 0.1 M potassium
phosphate buffer (pH 7.8, containing 0.1 mM EDTA), 1 mM GSSG, 100 pL enzyme extract
and 75 uL 0.1 mM NADPH added last to initiate the reaction. The decrease in absorbance
measured by spectrophotometer (M501, Spectronic Camspec Ltd., Leeds, UK) was recorded
every 5 min until 20 min. An absorption coefficient of 6.22mM~! em~! was used for

calculations, and GR activity was defined as pumol NADPH mg~! protein min~!.

2.6. Statistical Analysis

All the values were expressed as mean + standard error. Data were analyzed using
the Analysis of Variance (ANOVA) test followed by Tukey HSD at p < 0.001 to identify
significant differences. All statistical analyses were performed using XLSTAT (Xlstat,
Addinsoft, Paris, France, 2021).

3. Results
3.1. Effects of Drought Stress and SiO, NPs on Plants Specific Leaf Area, Relative Water Content,
and Root/Shoot Ratio

The relative water content (RWC) and specific leaf area (SLA) decreased during
drought stress (Figure 1a,b).

Drought stress significantly decreased SLA and RWC (38 and 27%, respectively)
compared with control plants. Watering or spraying peas with SiO, NPs (50 ppm) increased
the values of these two parameters compared to plants watered or sprayed with water.
Moreover, watering SiO, NPs had a better effect on SLA than spraying at all concentration

levels.
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Figure 1. Cont.
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Figure 1. Effect of drought stress and SiO, NPs (0; 12.5; 25; and 50 ppm) on relative water content
(%), specific leaf area (em? gfl), and root/shoot ratio in P. sativum L. Cont.—control plants, substrate
moisture (SM) 80%; drought stress—SM 30%, RWC (a); specific leaf area (b); root/shoot ratio (c).
Values are mean =+ SE of 10 replicates and different letters are differed significantly by Tukey HSD
Test (p < 0.001).

There was a statistically significant increase in the root/shoot ratio (Figure 1c) when
comparing drought-affected (0 ppm SiO, NPs, SM 30%) and control plants (SM 80%).
Comparing the effects of 0 ppm and 12.5 ppm SiO, on plant root/shoot ratio when watered
or sprayed in drought treatment, no statistically significant difference was found. However,
a statistically significant effect on root/shoot ratio was found by watering or spraying
peas at a concentration of 25 ppm SiO, compared to SiO, NPs untreated plants (0 ppm) in
drought-affected peas. Meanwhile, the root/shoot ratio of peas grown under drought did
not differ significantly from control plants when were watered or sprayed with 50 ppm
SiOz NPs.

3.2. Influence of Drought Stress and SiO, NPs on Lipid Peroxidation and Hydrogen Peroxide

The malondialdehyde (MDA) and hydrogen peroxide (H,O;) content in peas increased
significantly under drought stress (0 ppm SiO; NPs, SM 30%) compared to control plants,
i.e., 24 and 132%, respectively (Figure 2a,b).

_ 2 b ) 40
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cd de e . i 35
= ; b b
Sz 30 od d c
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Qo 25
= 20
[) e
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S g 15
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Watered SiO, ppm Sprayed SiO, ppm on SECICAISIS2 PR PISYSESIT2 PR
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(a) (b)

Figure 2. Influence of drought stress and SiO, NPs (0; 12.5; 25; and 50 ppm) on malondialdehyde
content (MDA), (a); hydrogen peroxide (H,Oy), (b) in P. sativum L. Cont.—control plants, substrate
moisture (SM) 80%; drought stress—SM 30%. Values are mean =+ SE of three replicates and different
letters are differed significantly by Tukey HSD Test (p < 0.001).

All applied SiO, NPs concentrations significantly reduced the content of MDA and
Hy0O; in peas compared to NPs-untreated (0 ppm SiO, NP, SM 30%) plants as they were
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watered with SiO, NPs. However, no statistical reliability was found when comparing
MDA levels in plants watered with 25 and 50 ppm SiO; NPs concentrations with control
plants. Spraying peas with SiO, NPs resulted in a statistically significant reduction in
MDA and H,O, content at 25 ppm (9 and 13%, respectively) and 50 ppm (13 and 21%,
respectively) 5iO, NPs concentrations compared to NP-untreated plants under drought
stress (0 ppm SiO, NPs, SM 30%), but still exceeded the level of control plants.

3.3. Effect of Drought Stress and SiO, NPs on Antioxidant Activity

The total phenolic compounds (TPC), DPPH and ABTS free radical scavenging activity,
and FRAP antioxidant power in pea leaves were significantly reduced by drought stress
(0 ppm SiOy NPs, SM 30%) (24, 16, 39, and 17%, respectively) compared to control plants
(Figure 3). There were no statistically significant changes in TPC and DPPH value between
control plants and peas sprayed with 50 ppm SiO, NPs. Moreover, there was no significant
effect on FRAP value when peas were watered with 25, 50 ppm and sprayed with 50 ppm
5iO, NPs as compared to control plants. ABTS free radical scavenging activity in peas
sprayed with 12.5 and 25 ppm 50 ppm SiO; NPs under drought stress was significantly
reduced compared to control plants. However, a statistically significant increase in ABTS
value was found in plants watered with 12.5, 25, and 50 ppm SiO, NPs under drought
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Figure 3. Influence of drought stress and SiO, NPs (0; 12.5; 25; and 50 ppm) on total phenolic
compounds (a); DPPH radical scavenging activity (b); FRAP radical scavenging activity (c); ABTS
radical scavenging activity (d) in P. sativum L. Cont.—control plants, substrate moisture (SM) 80%;
drought stress—SM 30%. Values are mean =+ SE of three replicates and different letters are differed
significantly by Tukey HSD Test (p < 0.001).

3.4. Effect of Drought Stress and SiO, NPs on Antioxidant Enzymes Activities

Superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and glu-
tathione reductase (GR) activity increased in peas affected by drought compared with
control plants (Figure 4). The most active antioxidants were found when plants were wa-
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tered with SiO, NPs suspensions. SOD activity was most increased by watering plants with
25 ppm (95%) and 50 ppm (103%) or by spraying with 50 ppm (82%) SiO, NPs compared
with control plants (Figure 4a). Increased CAT activity was observed in both watered and
sprayed plants at all applied concentrations but was most pronounced when peas were
exposed to 50 ppm SiO, NPs suspension (Figure 4b). The activity of the APX enzyme in
peas was also increased in drought conditions (Figure 4c) when plants were watered at
0,12.5, 25, and 50 ppm NPs concentrations, APX activity increased by 158, 244, 288, and
309% respectively, compared to control plants. As with all enzymes tested, GR activity in
peas also increased under drought conditions (Figure 4d) when plants were watered at 0,
12.5, 25, and 50 ppm SiO, NPs suspension, GR activity increased by 39, 41, 69, and 178%,
respectively, compared to control plants.
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Figure 4. Response of (a), superoxide dismutase (SOD); (b), catalase (CAT); (c), ascorbate peroxidase
(APX); (d), glutathione reductase (GR) activity to drought stress and SiO, NPs (0; 12.5; 25; and
50 ppm) in P. sativum L. Cont.—control plants, substrate moisture (SM) 80%; drought stress—SM 30%.
Values are mean =+ SE of three replicates and different letters are differed significantly by Tukey HSD
Test (p < 0.001).

4. Discussion

This study elucidated the effects of SiO, NPs on drought stress in pea plants based on
NP concentration and different applications (leaf application and root irrigation) to explain
the main physiological, non-enzymatic, and enzymatic antioxidant defense mechanisms.
The results of this study showed that SiO, NPs can alleviate drought-induced stress in
plants. The above-presented research data indicate that the studied defense mechanisms
significantly varied in SiO, NPs non-treated and treated pea plants under drought stress.

4.1. Effects of Different Applications and Concentration of NPs

Several factors are responsible for the transformation and uptake of NPs in plants:
physicochemical properties of NP itself, size, surface charge, concentration in the suspen-
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sion, potential interaction with plants, and plant physiology. Dissolved bulk silicon (Si) is
known to be absorbed by plants in the form of mono-silicic acid (5i(OH)4) and ultimately
polymerizes with the loss of water molecules to form hydrated silica (SiO,-nH,O) [35]. In
plants with a high capacity for metalloid accumulation, it is assisted by one of aquaporin
group MIP [36]—Si influx transporters (SiT1 and SiT2) and efflux transporters (5iT6) located
in the main and lateral roots, responsible for the transport of Si from the cortical cells to
the xylem [35-38]. The researchers found that pea plants tend to the silicification process
using Si transporters [39]. However, NPs can have different properties than their bulk
materials [40]. Plants can be affected by NPs in two ways, sprayed through shoots and
watered through roots. Spraying—exposure through the leaves can form an additional
layer on the leaves [17] to protect plants from increased transpiration and disease [41], but
can also allow some NPs to penetrate through the wax layer and diffuse directly into the
plant (limited to pore size 5-20 nm) [42]. Considering the composition of the cell wall,
which has hydrophobic and hydrophilic components and unequal distribution of fixed
negative charges (cellulose fibers and lignin surface potential are —15 and —45 mV, respec-
tively) [9,43], it is noticeable that negatively charged plant cell walls act as an ion exchange
surface that potentially promotes the penetration of cationic NPs rather than anionic ones.
Considering the effects of irrigation when NPs are reached through the soil, it should be
noted that the soil particles are usually negatively charged, and NPs with a higher negative
charge, are more agile in such soil [44]. On the contrary, positively charged NPs easily
attract negatively charged soil surface particles. In general, NPs mobility decreases as the
average soil grain size decreases. The clay content of the soil can act as an anionic adjuvant
to prevent NPs accumulation and increase their mobility [45]. Zeta potential measurement
is a technique for determining the surface charge in a colloidal solution [46]. NPs with a
zeta potential of —10 to +10 mV are approximately neutral, and NPs with a zeta potential
greater than +30 mV or less than —30 mV are considered to be strongly cationic and anionic,
respectively [47]. The zeta potential of the plasma membrane of various plants can vary
from 20 to —39 mV, but the zeta potential of the plasma membrane of pea has not been
studied, making it difficult to estimate [48]. In future studies, it would be valuable to
evaluate the zeta potential of the pea leaf plasma membrane when grown under normal
and drought conditions. However, in our results, the zeta potential of the SiO; suspension
in distilled water was —20 meaning anion (Table 1). There is another scientific article de-
scribing that the application of 10 g kg~! SiO, NPs with a zeta potential of —40 mV through
the soil had a positive effect on photosynthesis, yield quality, and increased productivity of
maize plants [49]. Moreover, the researchers [50] found that negatively charged Au NPs
accumulate less on the root surface but move most efficiently through the root epidermis to
plant shoots, especially in rice and ryegrass.

The effect of NPs on plants is highly dependent on their concentration. In this study,
the most effective concentration against drought-induced effects in peas was spraying and
watering with 50 ppm SiO, NPs. The researchers found that spraying strawberries with
125 ppm SiO, NPs increased their resistance to drought [14]. Using concentrations of 100,
200, 300, and 400 ppm SiO, NPs, a statistically significant effect was found for common bean
germination [51]. Other researchers used Si NPs as leaf sprays at concentrations of 0, 5, 10,
20, 30 ppm and found that the Cd-induced negative growth rates of rice were significantly
reduced [18]. Previous comparative studies showed that approximately 140 ppm Si NPs
were effective in reducing Cr (VI) toxicity in pea (Pisum sativum) [20], arsenate toxicity
in maize (Zea mays) [13], and UV-B stress in wheat (Triticum aestivum) [17]. In another
experiment with cucumbers [52], SiO, NPs concentrations at 100, 200, 300, 400 ppm were
used, of which the concentration at 200 ppm caused the greatest positive effect in plants. In
addition, researchers [19] sprayed potatoes with 5iOp NPs concluded that a concentration
of 50 ppm had a positive, but a concentration of 100 ppm had a statistically significant
negative effect on plants. In contrast, the opposite, negative effect was found for SiO, NPs
at concentrations 10, 100, 500, and 2000 ppm on Bt-transgenic cotton height and weight [5].
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These results confirm that the effects of NPs depend not only on the NPs and applied
concentration, but also on their interaction with the plant species.

4.2. Influence of Drought Stress and SiO, NPs on Oxidative Stress Markers and Antioxidant
Enzymes Activities in Peas

The effects of appropriately selected and studied doses of NPs on plants and the soil
ecosystem could address the food insecurity caused by climate change, which is challenging
agriculture. In our research, the deficiency of water in soil caused oxidative stress resulting
in increased malondialdehyde (MDA) and hydrogen peroxide (HyO;) levels in pea plants
(Figure 2a,b), but watering or spraying plants with SiO, NPs reduced the harmful effects of
drought stress. Drought stress increased the activity of antioxidant enzymes, including CAT,
APX, SOD, and GR (Figure 4), in the leaves of pea plants compared to control plants grown
with insufficient moisture supply, while exposure to SiO, NPs further strengthened the
activity of these enzymes. Previous studies [53,54] have shown that severe drought causes
oxidative stress due to the accumulation of reactive oxidative species (ROS) in plant cells,
including superoxide radicals (O,*"), alkoxy radicals (ROe) and hydroxyl radicals (OHae),
hydrogen peroxide (H,O), and singlet oxygen (*O,). However, plants have adapted to
eliminate excessive oxidative stress agents using antioxidant defense systems consisting of
enzymatic (SOD, CAT, GSH, etc.) and non-enzymatic (ascorbic acid, phenolic compounds,
carotenoids, etc.) antioxidants [53,55,56]. As the amount of oxidative stress products
in plants increases, the antioxidant system activates, for example, superoxide dismutase
converts the superoxide radical to hydrogen peroxide (which is less harmful to the plant)
then the peroxide decomposes into the water using antioxidants such as CAT, APX, GPX
(using different reaction catalysts) [54]. As can be seen in Figure 3, the application of
5iO, NPs tends to stimulate a non-enzymatic antioxidant response by increasing TPC,
DPPH, FRAP, and most strongly ABTS radical scavenging activity in pea plants exposed
to drought stress. The ABTS [57] and FRAP methods show a greater correlation with
non-enzymatic hydrophilic antioxidants such as a-tocopherols, flavonoids, and ascorbic
acid, and the DPPH method showed a higher correlation with lipophilic antioxidants such
as carotenoids [25]. According to the results of ABTS, FRAP, and TPC, it can be stated that
peas contain more hydrophilic antioxidants than lipophilic in terms of DPPH results.

In general, increased levels of MDA, H,O;, and other antioxidant enzymes have
been reported in various plant species under drought stress [14,56,58,59]. In this study,
a significant increase in MDA and H,O; in pea leaves (Figure 2) in response to water
deficiency caused strong oxidative stress resulting in retarded plant growth, decreased
RWC, SLA, and increased root/shoot ratio (Figure 1), indicating that pea plants in the lack
of soil moisture encourage root growth. MDA can generally be described as a process in
which oxidants, such as free radicals, attack lipids having a carbon—carbon double bond(s),
especially polyunsaturated fatty acids (PUFAs) [60]. According to the results obtained by
other researchers [61], PUFAs in peas are less than in other plants of the Legumes family.
Besides, the amount of PUFAs had a positive correlation with DPPH antioxidants, which
in pea plants also had lower activity compared to ABTS (Figure 3b,d). In this study, a
very strong increase was found in the activity of enzymatic antioxidants such as SOD,
CAT, APX, and GR (Figure 4) when pea plants were watered or sprayed with SiO, NPs
especially at 50 ppm (enzyme activity increased with increasing SiO, NPs concentration).
In response to water deficit, due to stomatal closure, low CO; availability, and limited
fixation, oxygen saturation of ribulose 1,5-bisphosphate (RuBP) is preferred that enhances
photorespiration [59] leading to more than 70% of the H,O, generation in plants. Besides,
H,0; is formed in the plant when the enzyme SOD performs the monovalent reduction and
protonation of the superoxide radical [53]. In this study, significant activation of SOD along
with other enzymatic antioxidants activity was observed in pea plants under water deficit.
We suppose that, due to this, a significant decrease in H,O, (Figure 2b) was observed in
peas as plants were watered with SiO; NPs in the presence of a water deficit. As mentioned
above, SiO; NPs may enter the pea plant through special channels in the roots, then move
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in a symplastic pathway in the plant and enter the cell cytosol containing most of the
enzymatic antioxidants and thus affect plant with abnormal particle surface area, size, and
charge. This explains the more efficient watering of SiO, NPs than foliar application to
plants.

SiO; NPs have a very strong relationship with water content in plants; there are just
a few published scientific articles specifically on the effects of drought. For instance, in
strawberries, spraying with Si NPs during drought stress increased the activity of CAT, APX,
SOD, and GR enzymes and decreased the content of MDA and H,O; [14]. The relationship
of 5i NPs and other abiotic factors such as salinity, exposure to heavy metals, and UV
radiation to plants were also explored by researchers. For example, when spraying with 50
ppm SiO; NPs suspension in salinity-treated potato seedlings, the researchers found [19]
that enzymatic antioxidants such as GPX and SOD were more active compared to potatoes
not sprayed with S5iO; suspension. The negative effects of Cr (VI) were found in peas with
increased HyO, and MDA concentrations but spraying them with Si NPs resulted in a clear
decrease in oxidative stress biomarkers and activated enzymatic antioxidants such as SOD,
CAT, GR, APX [20]. Moreover, when common beans were sprayed with 30 ppm SiO, NPs,
a statistically positive increase in the activity of antioxidant enzymes and a decrease in
the concentration of MDA and H,O, were observed under Cd stress [18]. Similar results
were obtained when researchers studied [62] the effects of Cd-, Pb-affected rice and foliar
application of SiO, NPs, the sprayed plants with 20 ppm SiO, NPs accumulated less
heavy metals and produced the highest yields. The 5iO, NPs have been shown [17] to
protect wheat seedlings from UV-B stress by stimulating the antioxidant defense system
and reducing the negative effects of UV-B stress, such as low fresh weight, chlorophyll
content, and tissue damage. Researchers noted that as nitric oxide levels reached a peak
after exposure to UV-B and Si NPs, the protection arises from modulating NO levels.

4.3. Effects of Drought Stress and SiO, NPs on Peas Specific Leaf Area, Relative Water Content,
and Root/Shoot Ratio

In plants, decreased growth parameters may be due to decreased relative water content
(RWC) and corresponding cell contraction, decreased meristematic cell division, decreased
leaf growth, accelerated aging, blocked leaf production, and leaf fall. Water stress can
also directly affect the biochemical processes involved in photosynthesis and indirectly
reduce the uptake of carbon dioxide into the stoma, which closes during drought. In this
study, relative water content (RWC) (Figure 1a) and specific leaf area (SLA) (Figure 1b) of
pea plants significantly decreased during drought stress, but watering or spraying with a
suspension containing SiO, NPs increased their contents. Plant membranes are the first
place in the cell which are influenced under stress conditions and the ability of plants to
protect the integrity of membranes under drought stress determines the tolerance of the
plants to drought stress [63]. Under drought stress, the water potential of soil decreases,
and plants prevent transpiration phenomenon using different mechanisms such as closing
stomata, increasing stomatal resistance, and decreasing stomatal conductivity. Scientists
showed that the improving effect of Si on the hydration status of plants may help to reduce
leaf and stem transpiration or the deposition of phytolith under epidermal cells, resulting
in a decreased waste of water from cuticle layers [64]. According to that concentration of
50 ppm, SiO; NPs play an important role in increasing RWC in pea plants (Figure 1a) under
stressful conditions. Similar RWC results were found in drought-affected strawberries [14],
wheat [58], and cucumber [52]. The researchers also found a statistically positive increase in
rice height, shoot, and root weight under Cd stress and spraying of SiO, NPs [18]. A study
by other scientists has shown that drought stress has negatively affected wheat growth
rates and yields [58], but the use of SiO, NPs, especially through soil application at 30 and
60 ppm, reduced the negative effects of drought stress by reducing transpiration, improving
the rate of photosynthesis, increasing chlorophyll content and RWC. Moreover, similar
results were found in peas [20], maize [13], and wheat [17] affected by various stressors,
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with a statistically positive increase in fresh leaf and root biomass, also leaf area using Si
NPs.

Previous studies [65] indicate that the root/shoot ratio increases with drought, as
plants tend to grow roots and absorb more water over a larger root surface, resulting in
reduced shoot growth. This trend was also observed in our study, with a significant increase
in root/shoot ratio in drought-affected peas (Figure 1c), but the application of SiO; NPs
at 50 ppm reduced the negative effects of drought stress on the root/shoot ratio. These
results confirm that the application of SiO, NPs can strongly affect plant development
under drought exposure.

5. Conclusions

In conclusion, watering or foliar spraying solutions containing 50 ppm SiO, NPs on
pea plants is an efficient way to improve their resistance to drought stress. Favorable effects
of SiO; NPs on pea growth efficiency under drought conditions have been attributed to the
activation of the enzymatic and non-enzymatic antioxidative system to eliminate ROS and
enhance relative water content, specific leaf area, and decreased root/shoot level. Based on
the results obtained, the use of SiO; NPs is recommended for managing the drought stress
in pea plants and even in other agricultural plants.
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