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ARTICLE INFO ABSTRACT
Keywords: Water deficit is a critical obstacle that devastatingly impacts rice production, particularly in arid
Antioxidant enzymes regions under current climatic fluctuations. Accordingly, it is decisive to reinforce the drought
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tolerance of rice by employing sustainable approaches to enhance global food security. The
present study aimed at exploring the effect of exogenous application using different biostimulants
on physiological, morphological, and yield attributes of diverse rice genotypes under water deficit
and well-watered conditions in 2-year field trial. Three diverse rice genotypes (IRAT-112, Giza-
178, and IR-64) were evaluated under well-watered (14400 m®/ha in total for the entire sea-
son) and water deficit (9170 m®/ha) conditions and were exogenously sprayed by nano-silicon,
potassium sulfate, or proline. The results showed that drought stress substantially decreased all
studied photosynthetic pigments, growth traits, and yield attributes compared to well-watered
conditions. In contrast, antioxidant enzyme activities and osmoprotectants were considerably
increased compared with those under well-watered conditions. However, the foliar application of
nano-silicon, potassium sulfate, and proline substantially mitigated the deleterious effects of
drought stress and markedly enhanced photosynthetic pigments, antioxidant enzyme activities,
growth parameters, and yield contributing traits compared to untreated stressed control. Among
the assessed treatments, foliar spray with nano-silicon or proline was more effective in promoting
drought tolerance. The exogenous application of proline improved chlorophyll a, chlorophyll b,
and carotenoids by 21.4, 19.6 and 21.0% followed by nano-silicon treatment, which enhanced
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chlorophyll a, chlorophyll b, and carotenoids by 21.1, 17.6 and 9.5% compared to untreated
control. Besides, the application of proline demonstrated a superior improvement in the content
of proline by 52.5% compared with the untreated control. Moreover, nano-silicon exhibited the
maximum enhancement of catalase and peroxidase activity compared to the other treatments.
The positive impacts of applied exogenously nano-silicon or proline significantly increased
panicle length, number of panicles/plant, number of grains/panicle, fertility percentage, 1000-
grain weight, panicle weight, and grain yield, compared to untreated plants under water
deficit conditions. In addition, the physiological and agronomic performance of evaluated rice
genotypes significantly contrasted under drought conditions. The genotype Giza-178 displayed
the best performance under water deficit conditions compared with the other genotypes.
Consequently, the integration of applied exogenously nano-silicon or proline with tolerant rice
genotype as Giza-178 is an efficient approach to ameliorating drought tolerance and achieving
agricultural sustainability under water-scarce conditions in arid environments.

1. Introduction

Rice (Oryza sativa) is the staple food for almost half of the world’s people [1]. It is grown on about 165 x 10° ha, yielding 787 x 105
tonnes of rice annually [2]. Rice production should be doubled by 2050 due to global population growth [3]. With an estimated
production of 6.1 million tonnes per year and an area of over 0.5 million hectares, Egypt is the biggest rice producer in the Middle East
[4]. However, this production is endangered by limited water supply and rising population. Drought is widely recognized as the
greatest threat to global rice production and food security. Water scarcity causes yield losses of up to 50% worldwide [5,6]. Climate
change will increase drought and damage water resources. Rice requires around 2500 L of water to produce 1 kg of grain during its life
cycle [7]. Water scarcity disrupts plant biochemical and physiological processes, reducing growth and production. Water deficits
during germination, seedling growth, tillering, flowering, and grain filling cause high yield losses. At the vegetative stage, drought
causes senescence of leaves, lessened photosynthesis, limited leaf extension and tillering, stunted plant growth, and ultimately
decreased grain yield [8,9]. Water shortages generate reactive oxygen species (ROS) which can destroy plant metabolism by dena-
turing enzyme activity [10,11]. ROS peroxides biological membranes disrupting transport [12]. Plants have adaptation mechanisms to
cope with water scarcity, such as increased leaf water potential, improved root architecture, improved osmotic adjustment, increased
proline accumulation, and increased leaf rolling and stomatal closure [13,14]. They also have effective enzymatic and non-enzymatic
antioxidant defenses against ROS-induced oxidative damage [15,16]. Consequently, it is necessary to enhance the drought tolerance of
field crops and alleviate the negative effects of water scarcity by utilizing innovative appropriate approaches. Various agricultural
practices including applied exogenously bio-stimulative chemicals, growth regulators, or osmoprotectants, can protect plants from
drought stress and enhance tolerance [17-20].

The exogenous application of safe and effective substances is a crucial strategy for improving plant growth, development, pro-
duction, and quality under drought stress [21]. Silicon application boosts rice root growth, physiological processes, shoot weight, and
crop yield by 10-20% [22]. It also helps in maintaining mineral nutrition, membrane integrity, stress tolerance defense, and photo-
synthesis efficiency. Nano-materials have recently developed and become a popular approach to alleviate various environmental
challenges in multiple fields [23]. Research has shifted toward green nanoparticle manufacturing and its use to alleviate abiotic and
biotic stresses. Silicon nanoparticles (Si-NPs) improve silicon uptake and confer stress tolerance in crops against various abiotic and
biotic stresses. Due to its small microscopic size, it possesses better physicochemical properties than bulk silicon [24,25]. It displays a
higher surface area, increased surface solubility and reactivity, and many well-categorized surface characteristics [26]. Particle size
affects absorption and transit into plant cells [27]. Additionally, nanoparticles interact with plant cells to transport chemicals that
regulate plant metabolism and various physiological functions. Hence, the applied foliar Si-NP improves growth and yield for rice
plants grown in water-deficit conditions [28]. It also boosts leaf-relative water content and antioxidant enzyme activity and decreases
oxidative stress under drought stress [29]. However, there is still a lack of understanding of how Si-NP minimizes and mitigates
drought stress damage in plants.

Proline as a compatible solute plays a dual role in maintaining osmotic balance and preserving the integrity of cellular components
and organelles [30,31]. Proline scavenges free radicals, protecting plants from drought-induced ROS damage [32,33]. Subsequently,
the exogenous application of proline effectively mitigates the detrimental effects of drought [34,35]. This is achieved by enhancing
turgor potential, reducing oxidative stress caused by ROS, maintaining osmotic balance, and boosting the activity of antioxidant
enzymes [36]. As a result, photosynthesis is improved, and the amount of oxidative damage is reduced [37].

Potassium (K) is a vital nutrient for plants, as it regulates numerous physiological processes that govern plant growth, yield, and
quality attributes [38]. It regulates the function of stomata in transpiration and photosynthesis, including the maintenance of
photophosphorylation, plant turgor, enzyme activation, and the transfer of photoassimilates. applied exogenously of K can attenuate
the deleterious effects of drought on rice by improving various physiological processes including protein synthesis, enzyme activation,
photosynthesis, water relations, and stomatal movement [39]. Moreover, it enhances water stress tolerance by increasing nutrient and
water uptake and reducing transpiration water loss [38]. Consequently, K foliar spray enhances plant growth, crop productivity, and
drought tolerance of rice plants grown under water-stress conditions [40,41]. Research focusing on the exogenous application of
nano-silicon, potassium sulfate, and proline and their potential contributions to alleviating the detrimental effects of drought stress
while enhancing rice productivity under water-deficit conditions, particularly in field settings, is currently limited. Drawing on insights
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from earlier studies, we posited that the exogenous application of nano-silicon, potassium sulfate, or proline could significantly
enhance rice plant growth and productivity by improving the efficiency of physiological parameters and antioxidant enzyme activities.
In light of this, our study aimed to explore the impact of exogenously applied nano-silicon, potassium sulfate, or proline on photo-
synthetic characteristics, antioxidants, growth, and yield parameters of diverse rice genotypes grown under water deficit conditions.
This knowledge can help identify effective drought tolerance inducers to enhance crop performance and tolerance to drought stress.

2. Materials and methods
2.1. Experimental site and plant materials

The trial was performed during the two summer growing seasons of 2021 and 2022 at Sakha Agricultural Research Station, Egypt
(31°6'N 30°56'E). The site is described by an arid and hot climate with no precipitation in the summer season. The maximum and
minimum temperatures and relative humidity of both growing seasons at the experimental site were collected and displayed in table
S1. Soil samples were collected before sowing (0-30 cm depth) and were analyzed (table S2). The soil analysis displayed that the soil
was clay throughout the profile (56.0% clay, 12.0% silt, and 32.0% sand). Electrical conductivity, organic matter, and pH were 3.04 dS
m~b 1.35 g kg™!, and 8.15, in the same order. Three diverse rice genotypes; IRAT-112 (drought tolerant); Giza —178 (moderately
tolerant) and IR-64 (drought sensitive) were utilized in the current study. The selected genotypes were chosen based on their drought
tolerance from previous preliminary screening trials (unpublished data). The origin and pedigree of the evaluated genotypes are shown
in table S3.

2.2. Experimental design and treatment

The field trial was applied in a strip-split-plot design with three replications. The vertical plots were designated for irrigation
treatments, the horizontal plots were dedicated to foliar applications, and the rice genotypes as subplot factor. The vertical plots were
represented by 72 units (720 m?) and the horizontal plots were represented by 36 experimental units (360 m?). The seeds of each
genotype were sown in the nursery on May 20th. At 30 days from sowing, seedlings were pulled from the nursery and transplanted into
plots (10 m?) in 20 x 20 cm spacing using one seedling per hill. The irrigation was applied according to the standard practice in the
studied region using surface irrigation. The amount of irrigation water for rice cultivation is determined annually in various regions of
Egypt based on soil type, climatic variables, and water requirements by the Department of Water Requirement and Field Irrigation
belongs to the Egyptian Ministry of Agriculture and Land Reclamation. The recommended irrigation amount, set at 14400 m®/ha, was
intentionally decreased by 35% to induce water stress, resulting in an application of 9170 m>/ha. The applied water amount for each
irrigation treatment was measured employing a flow meter. The applied foliar treatments were potassium sulfate K2SO4 (at the rate of
2 ml/L); proline (at the rate of 2 g/L) and nano-silicon (at the rate of 0.4 g/L) as nano-silicon dioxide 20-30 nm particle size with a
purity of 99.5 %, versus untreated control. The untreated control plants were applied with distilled water)and a spreading agent only.
Treatments were sprayed twice, at mid-tillering and panicle initiation. was applied in the present study. Calcium superphosphate
(15.5% P50s) was applied in nursery land at the rate of 50 kg P2Os ha™! before plowing. After the last ploughing and directly before
sowing Nitrogen was added at 165 kg N/ha using urea form (46.0% N). The field trial was fertilized before plowing with 50 kg P20Os5
ha~!. Potassium fertilizer was applied in two equal doses after transplanting at 30 and 45 days by adding 60 kg K,0/ha using po-
tassium sulfate form (48% K50).

2.3. Studied traits

2.3.1. Physiological Measurements

Chlorophyll a and b and carotenoid (mg/g FW) contents were recorded at the heading stage following the method of Peng [42]. To
begin, five fresh leaves were carefully washed to eliminate impurities. Subsequently, 2 g of leaf tissue was homogenized in 80%
acetone using a mortar and pestle. After centrifugation, the resulting supernatants were utilized to measure absorbance at 663 nm, 645
nm, and 470 nm using a spectrophotometer. From these absorbance readings, the concentrations of chlorophyll a, chlorophyll b, and
carotenoids were calculated (mg/g fresh weight).

Proline content was recorded at the panicle initiation stage as described in the method of Bates et al. [43]. Samples of 0.5 g of rice
leaf were collected and homogenized in 4 ml of 3% sulfosalicylic acid using a mortar and pestle. After storing the homogenates at 5 °C
for 24 h, they were centrifuged at 3000 rpm and room temperature for 5 min. The resulting supernatants were combined with 4 ml of
acidic ninhydrin reagent, mixed, and heated in a water bath at 100 °C for 60 min. Following cooling, 4 ml of toluene was added. The
upper toluene layer was separated, and its absorbance was measured at 520 nm using a spectrophotometer. Proline concentration was
determined using a standard curve and expressed as pmol of proline per gram of fresh weight.

At the panicle initiation stage, the enzymatic antioxidant activity was assessed by freezing leaf samples in liquid nitrogen to prepare
extracts. Catalase activity (unit/mg protein) was determined following the technique outlined by Aebi [44]. For the enzyme extract,
0.5 mL of 0.2 M H05 in 10 mM K-phosphate buffer (pH 7.0) was employed before the analysis. The catalase enzyme activity was
measured using a spectrophotometer at 240 nm, tracking the consumed H20,. Peroxidase activity (unit/mg protein) was recorded as
described by Vetter et al. [45]. This involved combining 100 pL of enzyme extract with 2.9 mL of assay solution composed of 50 mM
phosphate-citrate buffer (pH 6.5), 0.03% hydrogen peroxide, and 0.1% o-phenylenediamine. The reaction was initiated with the
extract, and the increase in absorbance at 430 nm was monitored for 5 min. The change in absorbance at 430 nm was determined over
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a 5-min period.

2.3.2. Agronomic traits

Ten plants were randomly collected from each plot to record flag leaf area (cm?) according to Yoshida et al. [46] at the heading
stage. Besides, plant height (PH) was recorded from the soil surface to the tip of the main panicle of each plant. Moreover, at har-
vesting, ten panicles were harvested at random from each plot to record panicle length, number of panicles/plant, number of
grains/panicle, 1000-grain weight, panicle weight, and spikelet fertility. Spikelet fertility was calculated by dividing the filled spikelets
from a panicle by the total spikelets. The grain yield was determined from a 6-m? area in each experimental unit adjusted to 14%
moisture content and converted to ton/ha.

2.4. Statistical analysis

The analysis of variance (ANOVA) was applied to explore the significant differences among applied treatments. R statistical
software version 4.2.1 was utilized to analyze the obtained data. A strip-split-plot design with three replications, irrigation treatments
as vertical strip, foliar applications as horizontal strip, and rice genotypes as the subplot factor. Tukey’s HSD test was utilized for post-
hoc analysis (p < 0.05). Moreover, the heatmap was applied with the package of RColorBrewer and biplot of the principal component
with ggplot2 in R software to determine the relationship among studied traits and treatments.

3. Results
3.1. Physiological traits

Photosynthetic pigments were significantly (P < 0.05) affected by irrigation treatments, foliar application, genotypic performance,
and their interactions (Table 1). Chlorophyll a, chlorophyll b, and carotenoids levels significantly (P < 0.05) reduced by 18.0, 29.5, and
14.3% under drought conditions, compared to regularly irrigated plants (Table 1). However, the foliar treatments using nano-silicon,
potassium sulfate, or proline led to significant (P < 0.05) increase in chlorophyll a, chlorophyll b, and carotenoids in comparison with
untreated stressed plants. The best treatment was the foliage application of proline which improved chlorophyll a, chlorophyll b, and
carotenoids by 21.4, 19.6 and 21.0% followed by nano-silicon treatment, which enhanced chlorophyll a, chlorophyll b, and carot-
enoids by 21.1, 17.6 and 9.5% compared with untreated control. The evaluated rice genotypes exhibited highly significant (P < 0.01)
variations in their responses to irrigation water treatments. The genotypes IRAT-112 and IR-64 displayed the highest chlorophyll a,
chlorophyll b, and carotenoids under well-watered conditions, whereas Giza-178 possessed superior values under water deficit con-
ditions (Fig. 1A-C). Likewise, the assessed genotypes exhibited contrasting responses to foliar-supplied treatments. The uppermost
contents of chlorophyll a, chlorophyll b, and carotenoids were assigned for the genotype Giza-178 and IRAT-112 treated with foliar

Table 1
Impact of irrigation regimes and different exogenously applied substances on photosynthetic pigments of diverse rice genotypes over two summer
seasons of 2021 and 2022.

Studied Factor Chlorophyll a Chlorophyll b Carotenoids
(mg g’1 FW) (mg g’1 FW) (mg g’1 FW)
Irrigation
Well-watered 3.72a 2.61a 1.26 a
Drought stress 3.05b 1.84b 1.08 b
Foliar application
Untreated control 294 ¢ 1.99 ¢ 1.05¢
Nano-silicon 3.56a 2.34a 1.15b
Potassium sulfate 3.47b 2.20 b 1.21 ab
Proline 3.57a 2.38a 1.27 a
Genotypes
IRRAT 3.33b 2.36a 1.19a
G178 35la 2.28 ab 1.21a
IR64 3.32b 2.04b 1.12b
ANOVA df P value
Irrigation (IR) 1 0.012 <0.001 <0.001
Foliar application (FA) 3 0.015 <0.001 <0.001
Genotype (G) 2 <0.001 <0.001 <0.001
Year (Y) 1 0.342 0.092 0.072
IR x FA 3 0.007 <0.001 <0.001
IR x G 2 <0.001 <0.001 <0.001
IRxY 1 0.066 0.035 0.164
FA x G 6 <0.001 <0.001 <0.001
FA x Y 3 0.153 0.083 0.048
GxY 2 0.029 0.194 0.179
IR x FA x G 6 <0.001 <0.001 <0.001
IRxFAXxGxY 3 0.337 0.694 0.952
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application of nano-silicon and proline, compared to their corresponding controls under water deficit conditions.

The irrigation treatments, exogenous application, genotypic performance, and their interactions exhibited highly significant (P <
0.01) effects on the antioxidant enzymatic activity (peroxidase and catalase) and proline content (Table 2). Water deficit caused a
substantial elevation in the activities of catalase, peroxidase, and proline content, by 42.08%, 33.23 %, and 140.20%, respectively,
compared to well-watered treatment. The exogenous application of nano-silicon, potassium sulfate, and proline significantly (P <
0.05) enhanced these parameters compared with untreated plants. The maximum enhancement of catalase and peroxidase activity was
recorded by the foliar spray of nano-silicon (35.1 and 32.2 respectively). Otherwise, the application of proline demonstrated a superior
improvement in the content of proline by 52.5% compared with the untreated control. The evaluated rice genotypes exhibited highly
significant (P < 0.01) variations in their responses to irrigation water treatments and foliar applications. It was noticed that the ge-
notype Giza-178 showed the maximum values of catalase, peroxidase, and proline content. Moreover, both genotypes Giza-178 and
IRAT-112 whether treated with nano-silicon or proline treatments achieved the uppermost values of catalase, peroxidase, and proline
content under drought stress conditions (Fig. 2A-C)

3.2. Agronomic traits

The evaluated agronomic traits were significantly (P < 0.05) affected by irrigation treatment, exogenous application, genotypic
performance, and their interactions (Table 3). Water deficit displayed an adverse impact on plant height and flag leaf area in
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Fig. 1. Impact of different exogenously sprayed substances on chlorophyll a (A), chlorophyll b (B), and carotenoids (C) in diverse rice genotypes
under well-watered and water deficit conditions. The bars on the top positioned above the columns of treatments correspond to Tukey’s HSD (p <
0.05). When the difference between two treatments extends beyond the HSD bar, it signifies their significant difference.
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Table 2
Impact of irrigation regimes and different exogenously applied substances on the antioxidant enzymatic activity of diverse rice genotypes over two
summer seasons of 2021 and 2022.

Studied Factor Catalase Peroxidase Proline content
(Unit mg/protein) (Unit mg/protein) (pmol g/DW)
Irrigation
Well-watered 0.638 b 1.58 b 0.505 b
Drought stress 0.817 a 193 a 0.977 a
Foliar application
Untreated control 0.627 d 1.49¢ 0.552 ¢
Nano-silicon 0.847 a 1.97 a 0.799 ab
Potassium sulfate 0.685 ¢ 1.76 b 0.772b
Proline 0.752 b 1.80 b 0.842 a
Genotypes
IRRAT 0.674 b 1.70 b 0.623 ¢
G178 0.792 a 1.85a 0.835a
IR64 0.717 ab 1.71b 0.765 b
ANOVA df P value
Irrigation (IR) 1 <0.001 <0.001 <0.001
Foliar application (FA) 3 <0.001 <0.001 <0.001
Genotype (G) 2 <0.001 <0.001 <0.001
Year (Y) 1 0.052 0.402 0.059
IR x FA 3 <0.001 <0.001 <0.001
IR x G 2 <0.001 <0.001 <0.001
IRxY 1 0.093 0.267 0.402
FA x G 6 <0.001 <0.001 <0.001
FA x Y 3 0.059 0.046 0.267
GxY 2 0.076 0.057 0.065
IR x FAX G 6 <0.001 <0.001 <0.001
IRxFAXxGxY 3 0.771 0.608 0.608

comparison with well-watered conditions. There was a considerable reduction in plant height and flag leaf area by 19.4% and 36.8%,
respectively, under water deficit conditions in comparison with those under complete irrigation conditions. Notwithstanding, the
application of nano-silicon, potassium sulfate, and proline significantly increased flag leaf area by 10.1%, 7.5%, and 12.1%, respec-
tively, and plant height by 5.1%, 3.4%, and 4.8%, in the same order, compared to untreated plants. The rice genotypes responded
differently to irrigation treatments and foliar applications. The highest flag leaf area and plant height values belonged to IRAT-112
genotype, while IR-64 had the lowest values. Moreover, the genotype IRAT-112 treated with nano-silicon or proline treatments
achieved superior flag leaf area and plant height under drought stress conditions (Fig. 3A-D).

Deficient irrigation significantly decreased panicle length, number of panicles/plant, number of grains/panicle, fertility percent-
age, 1000-grain weight, panicle weight, and rice grain yield by 12.6%, 25.1%, 16.3%, 6.5%, 11.4%, 34.3%, and 28.2%, in the same
order, in comparison with well-watered conditions (Table 4). However, the application of nano-silicon, potassium sulfate, and proline
mitigated the devastating impacts of water deficit and considerably promoted all the aforementioned characteristics. Foliar treatment
of proline displayed a superior boost of yield attributes followed by nano-silicon treatment. It significantly increased panicle length,
number of panicles/plant, number of grains/panicle, fertility percentage, 1000-grain weight, panicle weight, and grain yield by 9.1,
6.7, 8.8,13.1, 4.58, 18.9, and 14.9% compared to untreated plants. The evaluated genotypes displayed varied responses to irrigation
treatments. The genotypes Giza-178 and IR-64 recorded superior yield traits under well-watered conditions, while Giza-178 and IRAT-
112 possessed superior performance under drought stress conditions. Besides, the assessed genotypes displayed contrasting responses
to the exogenous application. The highest yield traits were assigned for the genotypes Giza-178 and IRAT-112 treated with the foliar
application of nano-silicon and proline, compared to their corresponding controls under water deficit conditions (Fig. 4A-E).
Otherwise, the genotype IR64 exhibited the lowest agronomic performance under water deficit conditions under different foliar
applications.

3.3. Relationship among the evaluated treatments and traits

Principal component analysis (PC) was applied to study the association between the studied treatments and evaluated charac-
teristics. The first two PCs displayed the most variability (79.69%) presenting 65.43% by PC1 and 14.26% by PC2 (Fig. 5). The PC1 was
correlated with irrigation regimes, water deficit conditions were situated on the negative side while the well-watered conditions were
positioned on the positive side. The PCA2 seems to correspond with rice genotypes from bottom to top as IRRAT-112, IR64, and Giza-
178. Moreover, the genotype Giza-178 treated with nano-silicon and proline exhibited the highest values of most studied physiological
and agronomic traits under well-watered and drought stress. Likewise, the heatmap based on the evaluated agronomic and physio-
logical characters separated irrigation treatments, foliar applications, and rice genotypes into different clusters (Fig. 6). The irrigation
treatment was the primary separating factor of the principal clusters. The genotype Giza-178 treated with proline and nano-silicon
displayed the maximum values for most evaluated characteristics under drought stress (represented in blue). The evaluated charac-
teristics presented by parallel vectors revealed a robust positive association, though those assigned almost opposite displayed a
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Fig. 2. Impact of different exogenously sprayed substances on catalase activity (A), peroxidase activity (B), and proline content (C) in diverse rice
genotypes under well-watered and water deficit conditions. The bars on the top positioned above the columns of treatments correspond to Tukey’s
HSD (p < 0.05). When the difference between two treatments extends beyond the HSD bar, it signifies their significant difference.

substantially negative relationship. The studied traits could be separated into two groups one contained photosynthetic pigments,
growth, and agronomic traits, whereas the other contained enzymatic antioxidants and proline content. A robust positive relationship
was identified among the traits within each group, whereas a negative relationship was perceived between the two groups.

4. Discussion

Drought is one of the main environmental stresses that pose great obstacles to rice production, especially in arid regions.
Furthermore, it is projected to become more severe and frequent due to decreasing water supply and climate changes. Accordingly, it is
decisive to recognize innovative attempts to boost drought tolerance, particularly under global climate fluctuations. In the present
study, three safe and efficient substances, nano-silicon, potassium sulfate, and proline, were exogenously applied to explore and
compare their influence on physio-biochemical, growth, and agronomic performance of three different rice genotypes grown under
drought stress conditions in a 2-year field trial. Besides, to determine which tolerance inducer could be recommended for enhancing
drought tolerance and boosting rice productivity under drought stress conditions in arid regions. The obtained results displayed that
the studied irrigation treatments, foliar applications, assessed rice genotypes, and their interactions displayed substantial effects on
most studied characteristics. In Egypt, the summer season is characterized by a hot and dry climate, with no occurrences of precip-
itation. Subsequently, the water deficit regime considerably reduced photosynthetic pigments, growth, and yield traits of all the
evaluated rice genotypes. Otherwise, antioxidant enzymes and proline content were raised compared to non-stressed conditions. These
results may be due to that proline and antioxidant enzymes are the most important osmoprotectants under stress conditions.
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Table 3
Influence of irrigation regimes and different exogenously applied substances on some yield attributes of diverse rice genotypes over two summer
seasons of 2021 and 2022.

Studied Factor Leaf Plant No of panicles Panicle
area (cm?) height (cm) per plant length (cm)
Irrigation
Well-watered 45.11 a 106.82 a 21.18 a 21.92a
Drought stress 2851 b 86.05b 15.88 b 19.17 b
Foliar application
Untreated control 3427 ¢ 93.33¢ 17.50 ¢ 19.75¢
Nano-silicon 37.74 a 98.12 a 18.68 b 20.73 b
Potassium sulfate 36.84 b 96.47 b 18.84 ab 20.63 b
Proline 38.40 a 97.82 a 19.09 a 21.07 a
Genotypes
IRRAT 43.86 a 109.48 a 12.29 b 19.45b
G178 34.08 b 90.07 b 22.03 a 20.12b
IR64 32.49b 89.75b 21.26 a 22.07 a
ANOVA df P value
Irrigation (IR) 1 <0.001 <0.001 0.011 <0.001
Foliar application (FA) 3 <0.001 0.032 0.006 <0.001
Genotype (G) 2 <0.001 <0.001 <0.001 <0.001
Year (Y) 1 0.061 0.044 0.331 0.325
IR x F 3 <0.001 <0.001 0.022 0.008
IR x G 2 <0.001 <0.001 <0.001 <0.001
IRxY 1 0.082 0.021 0.611 0.984
FA x G 6 <0.001 <0.001 0.379 <0.001
FA x Y 3 0.051 0.855 0.498 0.021
GxY 2 0.067 0.054 0.761 0.768
IR x FA x G 6 <0.001 <0.001 0.002 <0.001
IRxFAXGxY 3 0.225 0.065 0.527 0.093

Photosynthetic pigments are important indicators for assessing drought tolerance in rice [47]. The obtained findings revealed that
water deficit significantly decreased the contents of chlorophyll a and b as well as carotenoids of all tested rice genotypes compared
with well-watered conditions. The reduction might be attributed to the detrimental effects of water deficit on ribulose-1,5-biphosphate
activity, causing elevated chloroplast degradation and structural disarray. Consequently, this condition results in decreased chloro-
phyll content [48]. Likewise, growth traits such as flag leaf area and plant height considerably declined under water deficit conditions.
This adverse effect could stem from reduced water uptake, resulting in decreased plant cell division and expansion [49]. Studies such
as those conducted by Manickavelu et al. [50], Afroz and Akhtar [51], Yang et al. [52] elucidated the detrimental impact of water
scarcity on rice, affecting photosynthetic pigments, flag leaf area, and plant height.

The exogenous application of nano-silicon, potassium sulfate, and proline significantly increased the content of chlorophyll a and b
and carotenoids in the leaves of all tested genotypes under drought stress compared to untreated plants. These findings suggested an
effective role for the applied substances in enhancing photosynthesis, plant growth, and productivity of rice under water deficit
conditions. Similarly, previous studies of Elshayb et al. [28], Alharbi et al. [29], Hanif et al. [34], Ahmad et al. [38], Ali et al. [53]
disclosed the positive impact of nano-silicon, potassium sulfate, and proline on promoting photosynthetic pigments while reducing
oxidative damages, consequently improving plant performance under drought stress. Moreover, Farooq et al. [54], Mathur and Roy
[55] deduced that these substances can aid in protecting and enhancing rice plants to counteract drought-induced oxidative damage.
The uppermost enhancement was assigned for foliar-supplied with nano-silicon followed by proline. Rios et al. [56] demonstrated that
foliar application of nano-silicon is more rapidly absorbed by plants compared to bulk silicon, resulting in more beneficial effects under
drought stress. Esmaili et al. [57], Alharbi et al. [58] disclosed the application of nano-silicon promotes plant growth and devel-
opment by expanding the leaf surface area for increased light absorption, regulating stomatal aperture, enhancing photosynthesis, and
improving physiological processes like leaf water status, osmoregulation, and nutrient uptake. These beneficial effects significantly
mitigated the deleterious effects of water deficit in rice. Likewise, the pivotal role of proline in increasing previous characteristics is
attributed to its ability to protect the plasma membrane, and cytoplasmic enzymes, stabilize membranes, and substantially prevent
chlorophyll degradation under water scarcity as demonstrated by Hosseinifard et al. [37], Bhaskara et al. [59].

The assessed rice genotypes displayed highly significant variations in their responses to irrigation water treatments and foliar
applications. The evaluated genotypes accumulated catalase, peroxidase, and proline content in different trends under drought stress.
The genotype Giza-178 exhibited the highest content of catalase, peroxidase, and proline under drought stress conditions. The
accumulation of proline is a critical response of plant cells under water deficit to promote osmotic adjustment and antioxidant system
[60]. Furthermore, proline has a decisive role in tolerance to drought stress due to its capability to detoxicate the generated detri-
mental free radical species [61]. Furthermore, the foliar applications of the three substances enhanced the proline under drought
conditions compared with untreated plants. Exogenously sprayed proline exhibited the uppermost contents compared with the other
applications. These results indicated that the increased accumulation of proline under water deficit conditions may be associated with
the exogenous application of proline. Similarly, Abdelaal et al. [62], El-Bauome et al. [63] manifested that the exogenous foliar
application of proline enhanced proline content and ameliorated tolerance to water deficit stress in rice. Besides, Farooq et al. [64],
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Fig. 3. Impact of different exogenously sprayed substances on leaf area (A), plant height (B), number of branches per plant (C), and panicle length
(D) in diverse rice genotypes under well-watered and water deficit conditions. The bars on the top positioned above the columns of treatments
correspond to Tukey’s HSD (p < 0.05). When the difference between two treatments extends beyond the HSD bar, it signifies their signifi-
cant difference.

Ghaffari et al. [65] and AlKahtani et al. [36] proved an increase in levels of proline under drought stress following foliage proline
treatment.
Water deficiency conditions considerably increased antioxidant enzymatic CAT and POX activities in all the evaluated genotypes
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Table 4
Influence of irrigation regimes and different exogenously applied substances on grain yield contributing traits of diverse rice genotypes over two
summer seasons of 2021 and 2022.

Studied Factor No of grains Fertility 1000 grain Panicle Grain yield
per panicle (%) Weight (g) weight (g) (ton/ha)
Irrigation
Well-watered 147.46 a 84.77 a 29.13 a 43la 10.10 a
Drought stress 123.49b 80.15b 25.81b 2.83b 7.25b
Foliar application
Untreated control 128.40 ¢ 76.09 d 26.87 ¢ 3.18¢ 8.01 b
Nano-silicon 141.00 a 84.19b 27.42b 3.75a 9.06 a
Potassium sulfate 132.78 b 82.03 ¢ 27.50 b 3.58 b 8.44b
Proline 139.72a 86.08 a 28.10 a 3.78a 9.20 a
Genotypes
IRRAT 132.58 b 82.56 b 36.15 a 4.66 a 7.92b
G178 160.94 a 84.14 a 22.38b 3.39b 9.86 a
IR64 11291 ¢ 80.09 ¢ 23.89b 2.67 b 8.25b
ANOVA df P value
Irrigation (IR) 1 0.018 <0.001 <0.001 <0.001 <0.001
Foliar application (FA) 3 <0.001 <0.001 <0.001 <0.001 <0.001
Genotype (G) 2 <0.001 <0.001 <0.001 <0.001 <0.001
Year (Y) 1 0.071 0.072 0.112 0.039 0.041
IR x F 3 <0.001 <0.001 <0.001 <0.001 <0.001
IR x G 2 <0.001 <0.001 <0.001 <0.001 <0.001
IRxY 1 0.225 0.018 0.089 0.048 0.022
FA x G 6 <0.001 <0.001 <0.001 0.051 <0.001
FA x Y 3 0.083 0.061 0.087 0.064 0.073
GxY 2 0.001 0.001 0.076 0.082 0.062
IR x FA x G 6 <0.001 <0.001 <0.001 <0.001 <0.001
IRxFAXxGxY 3 0.836 0.856 0.246 0.636 0.994

compared with the well-watered conditions. Drought stress induces oxidative stress, as well as elevated levels of reactive oxygen
species (ROS). To combat ROS toxicity, a highly effective antioxidant defense mechanism is necessary. It has been suggested that the
increase in antioxidant activity exerts an ameliorative effect on drought stress [66]. The foliar application of nano-silicon, potassium
sulfate, and proline significantly enhanced the activity of CAT and POX compared with stressed untreated plants. The enhanced ac-
tivity of the antioxidant enzymes upon the application of these substances facilitated the conversion of HyO, into non-toxic compounds
(H20 and Oy), thereby protecting the plants from the harmful impacts of drought stress [62]. These findings demonstrated the valuable
impacts of the foliar application of these substances in ameliorating tolerance to water deficit by altering the antioxidant activities and
detoxifying ROS. In agreement with our findings, similar results were noted in various crops under drought stress conditions [21,53,
67]. Drought-stressed rice genotypes showed a decline in grain and its related traits compared to those of normal conditions. Elshayb
et al. [28], Sakran et al. [68] depicted that the decrease in yield-contributing traits might resulted from reduced leaf area, decreased
chlorophyll content, and disrupted carbohydrate metabolism, resulting in reduced assimilate transport and increased reproductive
abortion. Additionally, this decline might be attributed to the adverse impact of water deficit on growth parameters, resulting from
reduced water availability [69]. This reduction in nutrient uptake and organic carbon likely led to a decline in reproductive tillers,
fertility percentage, 1000-grain weight, and ultimately, grain yield [52]. The exogenous application of nano-silicon, potassium sulfate,
and proline significantly enhanced yield traits in treated plants under water deficit compared to untreated stressed plants. Notably,
proline and nano-silicon exhibited greater effectiveness in improving the yield of the evaluated genotypes. These outcomes underscore
the significant role of proline and nano-silicon in boosting grain yield under drought stress conditions. This enhancement was
attributed to their impact on increasing chlorophyll content, antioxidant activity, proline content, number of panicles, plant growth,
fertility percentage, and 1000-grain weight.

The evaluated genotypes showed significant alterations in all the measured traits under normal and water-deficit conditions.
However, deficit irrigation treatment altered the performance of the genotypes more than normal watering. From this perspective
Hassan et al. [70], Yadav et al. [6], Sedeek et al. [71], and Hussain et al. [72] elucidated highly significant variations among rice
genotypes under normal and water-deficit conditions. The genotype Giza 178 displayed the uppermost physiological performance
compared with other genotypes under drought stress conditions. Consequently, this genotype sustained to be tolerant under water
deficit by stimulating photosynthetic efficiency, proline content, and enzymatic antioxidants. These improvements were exhibited in
enhanced agronomic performance under drought stress conditions, in particular under the foliage application of nano-silicon, po-
tassium sulfate, and proline. The interaction between irrigation level, foliar application, and assessed genotypes showed substantial
impacts on most evaluated traits. Generally, under drought stress, Giza 178 genotype in combination with applied exogenously proline
or nano-silicon exhibited superior enzymatic antioxidants, photosynthetic pigments, growth, and yield-related traits, compared to
untreated treatment.

The PC-biplot, heatmap, and hierarchical clustering are helpful methods for exploring relationships among studied variables and
parameters [73-75]. The obtained results of the heatmap and PCA biplot reinforced the positive impacts of exogenously applied
substances on all evaluated parameters. The heatmap and PCA biplot exhibited that photosynthetic pigments, growth, and agronomic
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Fig. 4. Impact of different exogenously sprayed substances on number of grains per panicle (A), fertility percentage (B), 1000-grain weight (C),
panicle weight (D), and grain yield (E) in diverse rice genotypes under well-watered and water deficit conditions. The bars on the top positioned
above the columns of treatments correspond to Tukey’s HSD (p < 0.05). When the difference between two treatments extends beyond the HSD bar,
it signifies their significant difference.

traits were positively related to foliar-applied proline and nano-silicon, in particular with the genotype Giza 178 under drought stress.
These findings confirmed that the foliar application of both substances ameliorated the physiological characteristics, growth, and yield
traits. Subsequently, the exogenously applied proline and nano-silicon could be a beneficial attempt to stimulate rice productivity,
particularly under drought stress conditions. Besides, the PCA biplot showed that growth traits and most physiological parameters
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Red and blue colors were designated to high and low values for the studied trait, in the same order. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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were positively associated with yield traits. Subsequently, selection for these traits is efficient for increasing rice productivity under
water deficit conditions [76-78].

5. Conclusions

Water deficit significantly reduced photosynthetic pigment contents, growth parameters, and grain yield traits. Conversely,
antioxidant enzyme activities and osmoprotectants showed significant increases under drought stress compared to well-watered
conditions. However, foliar applications of nano-silicon, potassium sulfate, or proline significantly alleviated the adverse effects of
water deficit and considerably enhanced all studied characteristics. Proline and nano-silicon emerged as the most effective treatments,
further enhancing rice performance and drought stress tolerance. The assessed rice genotypes exhibited diverse responses to irrigation
treatments and exogenously applied substances. The genotype Giza 178 when treated with foliar proline or nano-silicon demonstrated
superior growth, photosynthetic pigments, enzymatic antioxidants, and yield traits compared to untreated plants under water deficit
conditions. Thus, foliar application of proline or nano-silicon stands as a promising approach to enhance drought tolerance in high-
yielding rice genotypes facing water scarcity.
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