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Rice (Oryza sativa L.) is a major cereal crop and a staple food across the world,
mainly in developing countries. Drought is one of the most important limiting
factors for rice production, which negatively affects food security worldwide.
Silica enhances antioxidant activity and reduces oxidative damage in plants. The
current study evaluated the efficiency of foliar spray of silica in alleviating water
stress of three rice cultivars (Gizal78, Sakhal02, and SakhalO7). The seedlings
of the three cultivars were foliar sprayed with 200 or 400 mg ™! silica under
well-watered [80% water holding capacity (WHC)] and drought-stressed (40%
WHC)] conditions for two summer seasons of 2019 and 2020. The obtained
results demonstrated that drought stress caused significant decreases in
growth, yield, and physiological parameters but increases in biochemical
parameters (except proline) of leaves in all rice cultivars compared to well-
irrigated plants (control). The roots of drought-stressed seedlings exhibited
smaller diameters, fewer numbers, and narrower areas of xylem vessels
compared to those well-watered. Regardless of its concentration, the
application of silica was found to increase the contents of photosynthetic
pigments and proline. Water relation also increased in seedlings of the three
tested rice cultivars that were treated with silica in comparison to their
corresponding control cultivars when no silica was sprayed. Foliar application
of 400 mg [? silica improved the physiological and biochemical parameters
and plant growth. Overall, foliar application of silica proved to be beneficial for
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mitigating drought stress in the tested rice cultivars, among which Gizal78 was
the most drought-tolerant cultivar. The integration of silica in breeding
programs is recommended to improve the quality of yield and to provide
drought-tolerant rice cultivars under drought-stress conditions.
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1 Introduction

Rice (Oryza sativa L.) is the second most critical
commercially farmed cereal crop in the world. More than half
of the world’s people rely on rice for their primary nutrition and
energy (Muthayya et al, 2014). Thus, more rice is needed to
achieve food security and satisfy the increasing demand of the
growing population. Growing rice in flood irrigation systems
accounts for over 75% of the global production (FAOSTAT,
2017). In contrast with other crops, rice is relatively more
sensitive to water scarcity (drought) especially at critical
growth stages (Panda et al, 2021). Drought stress, at the
flowering stage, has a strong influence on rice physiological
traits and yield (Panda et al., 2021).

In general, drought is one of the most devastating climate
events that threaten agricultural production worldwide. Water
deprivation inhibits cell division, resulting in short stems,
reduced internodal length, truncated tilling capability, and a
compromised root system (Hannan et al, 2020) and causes
reduction in dry and fresh biomass (Sikuku et al., 2012). It has
been reported that drought stress causes varying root lengths,
altered root morphology, and reduced root development in rice
plants (Kim et al., 2020). In addition, many metabolic processes,
including photosynthesis, respiration, ion absorption,
development of hormones, and nutrient uptake are negatively
affected by drought stress conditions (Farooq et al., 2008; Usman
et al., 2013; Lee et al, 2015). Drought stress may also cause
considerable damages to photosynthetic pigments, gas exchange
systems, electron transport systems, photosystems, carbon
reduction routes, and enzyme systems (Ashraf and Harris,
2013). In rice, water deficiency typically occurs in leaves
resulting in the loss of chlorophylls (Chl) a and b and
carotenoids that are essential for photosynthesis (Farooq et al.,
2009). Generally, drought stress is one such abiotic stress which
causes major setbacks to agricultural productivity. Thus, cereal
crops (e.g., rice) have contrasting adaptive responses to cope
with drought (Javaid et al., 2022).

Plants display a variety of morphological, physiological,
biochemical, and molecular attributes to mitigate the effects of
drought stress. Such morphological mechanisms of drought
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avoidance and phenotypic flexibility can help crop plants to
survive under drought stress (Choudhary et al,, 2009). The
architecture of the root system allows reserve of more water
quantity for drought tolerance (Choudhary et al., 2009). Cell and
tissue water preservation, cell membrane stability, and
endogenously produced growth regulators are some of the
physiological mechanisms associated with plant response to
drought stress conditions. At the molecular level, plants alter
gene expression to avoid hazardous effects of low water
availability. Thus, these adaptive responses are controlled by
genetic factors at different stages of plant growth (Choudhary
et al, 2009). Relative water content (RWC) is an important
indicator of water status and represents a screening tool for
drought tolerance in plants (Liang et al., 2007; Choudhary et al.,
2009). In rice, the leaf rolling factor under drought stress is
considered as one of the best criteria to estimate the levels of
drought tolerance in a large-scale screening (Pandey and
Shukla, 2015).

Silica has been widely used in improving plant tolerance
against environmental stresses. Although it is not classified as an
essential element for plants, it has beneficial effects in alleviating
diverse forms of abiotic and biotic stresses (Liang et al., 2007;
Hamayun et al, 2010). Many studies have reported that
application of silica on plants can not only activate the plant
defense system but also regulate RWC, net photosynthetic ratio,
intercellular CO, level, stomatal conductance, and transpiration
ratio (Romero-Aranda et al., 2006; Gong et al., 2008; Chen et al.,
2016; Hussain et al., 2021). In addition, silica plays a vital role in
improving the physiological activities and enhancing the cellular
metabolic rates in plants in response to drought stress, thus
enhancing water use efficiency, growth, and biomass (Gong
et al., 2003; Ahmad et al., 2007; Li et al., 2018).

In the present study, we hypothesized that the rice cultivar
Gizal78 in Egypt could be a potential drought-tolerant cultivar
combined with high yielding upon the application of silica under
drought stress conditions. Therefore, the current study aimed to
evaluate the level of drought tolerance among the three Egyptian
rice cultivars (Gizal78, Sakhal02, and Sakhal07) sprayed with
two dosages of silica (200 or 400 mg 1"') via assessing the
morphophysiological and biochemical parameters, including
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productivity, photosynthetic pigments, RWC, proline content,
and total antioxidant activity. This study could also provide basic
principles useful for the management of phenotyping practices
for the genetic dissection of drought tolerance and hence the
release of drought-tolerant rice cultivars.

2 Materials and methods
2.1 Soil analyses of the experimental site

Soil samples were taken from the major root zone before rice
was planted at the end of the two growing seasons. The soil samples
were air-dried, crushed, passed through a 2-mm sieve, and analyzed
for various physicochemical properties. Soil texture was determined
using the hydrometer method (Jackson, 1973). Rice was the
preceding crop in both seasons. The type and chemical and
physical characteristics of the soil are presented in Table (S1).

2.2 Plant material and treatments

Silica, in the form of potassium silicate 10% K,O and 25%
SiO, (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)
sprayed on leaves of three native rice cultivars (Gizal78,
Sakhal02, and Sakhal07), were evaluated in response to
drought stress. Rice plants were foliar sprayed twice during the
vegetative growth stage [100 and 120 days after sowing (DAS)]
with the aqueous potassium silicate solutions at 200 and 400 mg
I'". These cultivars were provided by the Agricultural Research
Center, Rice Research and Training Center, Kafr El-Sheikh,
Egypt. This study was carried out at Sakha Agricultural
Research Station, Kafr El-Sheikh, Egypt, using the lysimeter
technique during two summer rice growing seasons 2019 and
2020. The Lysimeter consisted of concrete beds (1 meter width x
2 meter length x 1 meter depth) filled with soil to a depth of 100
cm in three layers: 60 cm clay at the surface, 20 cm sand in the
middle, and 20 cm gravel at the bottom. Seeds were surface
sterilized with 2% sodium hypochlorite for 5 min, followed by
multiple rinses with sterile water. Seeds of the rice cultivars were
separately sown in plots containing equivalent quantities of
homogenous clay:sand (2:1) on May 15 and 19 of the first and
second seasons, respectively.

All plants in plots received the recommended dose of NPK
fertilizers. Nitrogen (N) was applied in three split doses: the first
split dose of 30 kg ha™" N was applied as basal application along
with the full dose of phosphorus (30 kg ha') and potassium
(30 kg ha™), followed by top dressing of two split doses of 15 kg
ha N each at the tillering and panicle initiation stages. Seeds
were sown manually by the dibbling method maintaining plant
spacing of 20 x 15 cm. A split-split plot model was applied in
this study with three replications. The pedigree, salience, and

Frontiers in Plant Science

03

10.3389/fpls.2022.935090

feature of rice genotypes used in the study are listed in
Table (S2).

The performance of the three rice cultivars was evaluated under
normal (well-irrigated) conditions [80% water-holding capacity
(WHC)] or drought stress (40% WHC). All plots received
adequate irrigation until 30 days before transplantation. Then, by
withholding water from half of each group, drought stress was
imposed (irrigation every 10 days) for 5 months. Drought tolerance
was defined as the ability of plants to survive under drought
conditions, endure drought without injury, or be efficient in their
use of water (Arnon, 1972), and upon the foliar application of silica
at the concentration of 200 or 400 mg 1. Plants with no silica
treatment served as control.

2.3 Morphological characteristics and
yield parameters

At 60 DAS, growth parameters, such as plant height (PH,
cm), root volume (RV, cm?), and flag leaf area (FLA) plant‘1
(cm?), were measured using a portable meter.

At maturity (150 DAS), the plants from each treatment were
individually harvested, and their grains were manually counted to
measure the 1000 grain weight or grain index (GI, g) of each
treatment. Yield components, including the number of tillers,
panicle length (PL; cm), and panicle weight (PW; g), were
determined. From each treatment, three plants were chosen and
separated by their tillers to manually estimate their average values.

2.4 Physiological and biochemical
parameters

2.4.1 Assessment of photosynthetic pigments

In both seasons, the photosynthetic pigments, Chl a and b
and total Chl, were determined using the fourth leaf from the tip
of the rice plants at 60 DAS. Chl concentrations were calculated
as ug cm™ fresh area of 1 cm” of the leaf. The pigments were
extracted with 5 ml of N,N-dimethylformamide before being
stored in the refrigerator for 24 h in the dark. Absorbance at
wavelengths of 664 and 647 nm in samples were estimated by the
spectrophotometer (UV-2101/3101 PC; Shimadzu Corporation,
Analytical Instruments Division, Kyoto, Japan). The
photosynthetic pigment level was determined according to
Moran (1982), with the following equations and the pigment
contents were calculated as ug cm™:

Chl a (ugml™) = 12.64 A664 — 2.99 A647
Chl b (ugml') = 23.26 A664 — 5.6 A647

Total Chl (ugml™’) = 7.04 A664 + 20.27 A647
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2.4.2 Assessment of RWC

The fresh weight (FW) of the second youngest leaf was used
to determine the RWC in leaves. This was done by removing 1-
cm disks from the upper part leaf of each plant, where remotely
sensed data were collected. The five disks were immediately
weighed, providing a measure of FW. The disks were then
soaked in deionized water for 24 h before being weighed again
to obtain a fully turgid weight (TW). Finally, the leaf disks were
dried at 85°C and weighed to determine their dry weight (DW).
The RWC of a leaf was calculated according to the equation
provided by Salisbury and Ross (1992):

RWC = (FW - DW)/(TW - DW) x 100

2.4.3 Anatomical features of rice tissues

A minimum of five samples of roots and stems were taken at
random 10 days after the application of silica. One cm-long
specimens were taken from the fourth upper internode. The
sampled material was fixed for 48 h, in formaldehyde:alcohol:
acetic acid (FAA) solution (50% ethanol + 5% formaldehyde +
10% glacial acetic acid in water). Two washes in 70% ethyl
alcohol were performed on the samples. Dehydration was
achieved by passing the samples through a series of ethyl
alcohol concentrations (75%-100%). Each sample was passed
through a mixture of xylol and absolute ethyl alcohol in the
following percentages: 25%, 50%, and 75%, and pure xylol in the
final two changes for each dilution. Within 12 h, a paraffin
shaving reagent containing samples was saturated. To remove all
traces of xylol, two changes of paraffin were performed. Samples
were immersed in melted paraffin in embedding paper trays, and
then quickly cooled in cold water.

Rotary Microtome (Leica RM 2125, Vienna, Austria)
sections (10-12 pm thick) were cut, and paraffin sections were
fixed to the slides with albumin. Slides were dried completely in a
dry oven at 50°C for 24 h. The slides were first immersed in two
changes of xylol for about 10 s before being transferred to a jar
containing equal parts of absolute ethyl alcohol and xylol for
5 min. The sections were immersed in a series of descending
ethyl alcohol dilutions ranging from absolute to 5%. The sections
were stained for 10 min in a jar containing 1% safranin, and the
excess stain was washed away. Sections were then stained in a jar
containing 1% light green for 1 min, then cleared in xylol,
mounted in Canada balsam (Ruzin, 1999). Samples were
examined using a Olympus BH-2 (Olympus Optical Co., Ltd.,
Tokyo, Japan) light microscope equipped with a digital camera
and software (Jenoptik ProgRes Camera, Cl2plus,
Frankfurt, Germany).

2.4.4 Measurement of proline

The amount of free proline was estimated as described by
Bates et al. (1973). Half-gram FW of plant cells was
homogenized in 10 ml of 3% sulfosalicylic acid (Sigma-
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Aldrich), and the homogenate was filtered using Whatman
No. 1 filter paper (Whatman, Maidstone, England). The
filtrate was made up to 10 ml, and 2 ml of the filtrate was
mixed with 2 ml of ninhydrin reagent (Sigma-Aldrich) and
glacial acetic acid (Sigma-Aldrich).

After 1 h of incubation, the mixture was immersed in a
boiling water bath. Subsequently, the mixture was cooled in an
ice bath. The reaction mixture was then extracted with 4 ml of
toluene (Sigma-Aldrich) and vigorously shaken for 15-20 s. The
mixture was separated in a separating funnel. The upper phase
was taken, and absorbance was determined at 520 nm. Toluene
was used as a control. The proline level was calculated as g g™
FW via a proline standard calibration curve.

2.4.5 Measurement of malondialdehyde
content

The lipid peroxidation level was determined using the
malondialdehyde (MDA) measurement method (Heath and
Packer, 1968). Leaf samples (1 g FW) were homogenized in
10 ml of trichloroacetic acid (Sigma-Aldrich). The homogenate
was centrifuged for 5 min at 15,000 x g. A 1-ml aliquot of the
supernatant was mixed with 4 ml of thiobarbituric acid
containing 20% (w/v) trichloroacetic acid (Sigma-Aldrich).
The mixture was heated at 95°C for 30 min before cooling
quickly in an ice bath and then centrifuged at 10,000 x g
for 10 min.

Using the spectrophotometer (Shimadzu Corporation), the
absorbance of the supernatant was recorded at 532 and 600 nm.
The MDA level was calculated by multiplying the absorbance
difference (A532-A600) by the molar extinction coefficient
(155 mM " ecm™") and the results were expressed in nmol g’1 FW.

2.4.6 Assays of the enzymatic antioxidant
compounds

The catalase (CAT; EC: 1.11.1.6) activity (U mg’1 protein)
was assayed according to the method described by Aebi et al.
(1974), whereas peroxidase (POD; EC: 1.11.1.17) activity (U mg~
! protein) was measured as described by Piitter (1974). The total
soluble protein content of the enzyme extracts from leaves was
determined following the method of Bradford (1976), using
bovine serum albumin (BSA) as a protein standard.

2.4.7 Assays of the total antioxidant
compounds

Seed powder (100 mg) was mixed with 2 ml of methanol
(Sigma-Aldrich), and the mixture was kept overnight at room
temperature to determine the radical scavenging activity. One
milliliter of the filtrate was added to 3 ml of 0.1 mM of 2,2-
diphenyl-1-picrylhydrazyl (DPPH) (Sigma-Aldrich) and
incubated for 30 min in the dark. Absorbance at 515 nm was
measured with a spectrophotometer (Shimadzu Corporation),
and the percentage of DPPH scavenging activity was calculated
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as previously mentioned by Sullivan and Ross (1979) using the
subsequent formula:

DPPH activity (%)

= (Absorbance ol — absorbancegmyi. ) / Absorbance onerol

x 100

2.5 Statistical analysis

All data were expressed as the means with the standard error
of three replicates and analyzed by analysis of variance
(ANOVA) using SPSS software (version 13.0; SPSS Inc.,
Chicago, USA). Statistical differences between treatments
within the same rice line were determined using the least
significant difference (LSD) at a 0.05 probability level.
Correlation analysis was carried out using the Spearman
coefficient between each pair of the studied traits over control
and drought stress separately, as well as all over the two
treatments in the upper triangle of the produced plot. Path
analysis was determined using the R statistical software version
4.1.0, (R Core Team, 2021) using the (lavaan) package and the
function (sem), which stands for structural equation modeling
(Tabachnick and Fidell, 1996). A path diagram was drawn by
using the (semPaths) function in the same package. The results
of the path analysis are shown on the path diagrams. Heatmap
was produced to show the relation among the treatments and the
studied traits on the base of color scale using the standardized
data by subtracting the mean from each value and divided by the
standard deviation.

3 Results

3.1 Effects of drought stress and silica
application on growth and yield of rice

The morphological features of the three rice cultivars, in
terms of PH, FLA, and RV, were affected by drought (Tables 1,
S3). At vegetative and flowering stages, drought considerably
lowered the PH in all the studied cultivars. Under drought stress,
the cultivars Sakhal07 and Sakhal02 had the least noticeable
decrease in PH with 27.8% and 27.9%, respectively, less than its
corresponding cultivar under well-watered (control) conditions,
followed by Gizal78 with a 11.17% and 11.9 decrease more
diminutive than the control, in both seasons (Table 1).

Furthermore, drought stress had an adverse impact on FLA
of Sakhal02, with 3.11%, and 3.07% decrease in FLA,
respectively, compared with the control in both seasons
(Table 1). For the RV trait, cultivars Sakhal02, Gizal78, and
Sakhal07 were arranged in ascending order (12.62%, 11.12%,
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and 7.65%, respectively). Moreover, drought treatment has a
negative impact on RV (Tables 1, S3). In general, Gizal78 and
Sakhal07 were the least affected by drought, followed by
Sakhal02 in both seasons.

Exposure to drought stress disturbs all these factors in
plants; however, application of silica may mitigate the negative
effect. Spraying with 400 mg 1" silica resulted in better plant
development factors (PH, FLA, and PW) than the other silica
treatments. Regarding PH in both seasons, there was a
significant interaction between rates of silica application and
rice genotypes (Table 1). It was evident that the Sakhal02
cultivar with no silica treatment produced the shortest plants.
However, the cultivar Gizal78 was the tallest when 400 mg It
silica was applied in both growing seasons. In response to
drought stress, Gizal78 cultivar sprayed with 400 mg 1" silica
showed the best performance in PH (124.33 and 123.00 cm in
2019 and 2020, respectively) and FLA (21.87 and 22.24 cm® in
2019 and 2020, respectively) at the flowering stage, (Tables 1,
S3), and PW (136.60 g in 2019 and 133.37 g in 2020) (Table 2).

Drought significantly reduced yield and yield elements in
any of the three rice cultivars (Table 2). Drought stress had
negative effects on yield-contributing traits, such as PW, PL, and
the number of productive tillers. In both seasons, Sakhal02 had
the lowest PW (72.73 and 72.70 g), with a decrease in PL (16.73
and 16.27 cm) and the number of productive tillers (8.67 and
9.33) (Table 2). The rice cultivar Gizal78 showed a tremendous
increase in the PW, PL, and number of productive tillers under
drought stress conditions in the two growing seasons
tested (Table 2).

In addition, drought stress severely reduced the yield and
grain yield (GY) plant™ during the reproductive stage in the rice
cultivars tested in this study (Table 3). Drought stress
significantly reduced straw and grain production and the
harvest indices (HI) compared with the well-watered control
(Table 3). Rice cultivars showed significant seasonal variations in
GY and its characteristics. The maximum values of PL, PW, and
GI were significantly recorded in Gizal78 cultivar. On the other
hand, Sakhal02 produced the lowest GY (Table 3). In general,
the application of silica increased the values of rice PL, PW, GY,
and straw yield (SY) in the two seasons under consideration
(Table 3). Thus, the highest values were observed at the rate of
400 mg 1" silica.

3.2 Effects of drought stress on
physiological and biochemical
characteristics of rice plants

Drought stress reduced RWC in the leaves of rice cultivars
(Table 4). At 80% and 40% WHC, the reduction in RWC
(average of the two seasons) was 96.28% and 86.81%,
respectively, in Gizal78 compared to 80.33% and 72.81% in
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TABLE 1 Effects of foliar application of silica on some morphological parameters at vegetative stage in response to drought stress during the

growing seasons of 2019 and 2020.

Treatment Cultivar PH (cm) FLA (cm?) RV (cm?)

Water status Silica (mg ) 2019 2020 2019 2020 2019 2020
Well-irrigated (80% WHC) 0 G178 95.17 + 0.6*" 9317 + 0.6° 1824 + 0.57% 1849 + 0.57% 60.14 + 058"  60.81 + 0.58"
SK102 102.00 + 0.58°  102.17 + 0.6 17.60 + 0.067  18.10 + 0.06* 2833 + 0.50% 29.83 + 0.51"
SK107 98.58 + 0.46°9  97.67 + 0420 17.92+027% 1830 £ 0.28% 4424 £ 0.05 4532+ 0.05
200 G178 97.00 + 0.58°° 9500 + 0.58%  20.21 +0.59°  20.46 + 0.59°  67.33 + 0.60%  68.00 + 0.60°
SK102 101.67 + 0.88"°  101.67 + 0.88"> 1848 + 0.10% 1898 + 0.10°  51.00 + 0.58"  52.50 + 0.58"
SK107 9933 +0.17° 9833 +0.17°¢ 1935+ 034 1972 +0.34%  59.17 + 0.58"  60.25 + 0.58"
400 G178 103.00 + 0.58° 10100 + 0.58">  30.06 + 0.06* 3031 + 0.06°  71.50 + 0.58°  72.17 + 0.58°
SK102 10400 + 0.58*  104.00 + 058"  18.90 + 0.02°*  19.40 + 0.02%  47.66 + 0.06'  49.16 + 0.06'
SK107 103.50 + 0.50° 10250 + 0.50°  24.48 + 0.04>  24.86 + 0.04"  59.58 + 028"  60.67 + 0.28"
Drought (40% WHC) 0 G178 84.00 + 0.58" 82.00 + 0588 1827 + 0.64% 1852+ 0.64% 71.00 + 0.58° 71.67 + 0.58°
SK102 73.67 + 0.88 73.67 + 0.88' 1243 +023° 1293 +023"  2229+000 23.79 +0.10'
SK107 78.83 + 0.73' 77.83 + 073" 1482+ 045" 1573 + 038"  46.65+ 0.26'  47.73 + 0.26
200 G178 84.17 + 0.73" 82.17 + 0.73 1828 +0.36% 18,53 + 0.36%™ 7633 + 0.88°  77.00 + 0.88"
SK102 88.50 + 0.29% 8850 + 029" 14.11+0.00" 1461 + 0.005 47.29 +0.10'  48.79 + 0.10'
SK107 86.33 + 0.338" 8533+ 033% 1620+ 0.10% 1657 £0.18"  61.81 £ 0.48°  62.90 + 0.49°
400 G178 97.00 + 0.58°% 9500 + 0.58%  20.19 + 0.71°  20.44 + 0.71°  87.67 + 0.64* 88.34 + 0.64°
SK102 925 + 1.89° 9250 +1.89° 1473 +0.108" 1523 +0.10% 5507 + 0.01*  56.51 % 0.01%
SK107 94.75 + 1.09¢ 9375+ 1.09°  17.47 + 040 17.84 + 040¢ 7134 +0.32° 72.43 + 0.32°

Data are presented as mean + SE. Within columns, values followed by the same letter are not significantly (P>0.05) different. WHC, water-holding capacity; G178, Gizal78; SK102,

Sakhal02; SK107, Sakhal07; PH, plant height; FLA, flag leaf area; RV, root volume.

Sakhal02. The RWC of Sakhal02 was the most affected cultivar
to drought stress among the three rice cultivars (Table 4). Similar
observations were recorded in the second growing
season (Table 4).

The three tested rice cultivars increased proline content in
their leaves when water was deficit (Table 4). In the 2019 and
2020 growing seasons, there was an increase of 199.18% and
187.68% in proline content in their leaves, respectively, in
Gizal78 cultivar plants exposed to drought compared to those
that were well-watered. Sakhal02, on the other hand, showed the
lowest increase (121.20% in 2019 and 124.00% in 2020 more
than the well-watered control plants) (Table 4).

Photosynthetic pigment contents were altered in leaves of
rice plants in response to drought treatment (Table 5).
Commonly, the leaves showed significant reductions in the
total Chl content. Using flood irrigation, Gizal78, Sakhal02,
and Sakhal07 had 57.99%, 51.77%, and 56.70% of the total Chl
content in the first season and 51.15%, 48.07%, and 49.07% in
the second season, respectively (Table 5). Drought stress reduced
the total Chl content in Gizal78 (from 51.70 to 49.99 mg cm™);
Sakhal0O2 (from 44.78 to 41.32 mg cm?) and Sakhal07 (from
51.92 to 48.32 mg cm’z) in the first and second season,
respectively (Table 5). These findings revealed that Gizal78
experienced a modest decrease in the total Chl content when
subjected to drought stress. In contrast, Sakhal02 was more
sensitive to drought. It is worth mentioning that a similar pattern
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was found in Chl a and b contents of the three examined rice
cultivars in response to well-watered and drought stress
treatments in both seasons (Table 5).

Furthermore, drought caused activation of the antioxidant
system in plant tissues of the three rice cultivars. These findings
revealed a significant increase in POD and CAT activities. The
enzyme activity of POD, measured at the flowering phase, varied
from 0.411 in SakhalO7 to 0.665 in Sakhal02 under well-
irrigated conditions in the first season and from 0.421 to 0.675
in the second season for the same cultivars (Figure 1A). When
water stress was imposed by withholding water, the POD
enzyme activity increased from 0.989 to 1.098 in Gizal78
cultivar, and from 0.888 to 1.112 in SakhalO2 cultivar
(Figure 1B). The cultivar Gizal78 treated with silica at 400 mg
1! significantly reduced the POD activity in both seasons when
drought stress was applied (Figure 1B).

The tissue antioxidant enzyme CAT (Figures 1C, D) was also
checked in the three rice cultivars. In general, the higher the
antioxidant enzyme activity during drought stress, the lower the
lipid peroxidation degrees the cultivar had. A significant increase
in CAT activity was noticed when rice cultivars were supplied
with silica. In general, Sakhal02 showed a higher CAT activity
than Gizal78 and Sakhal07 in both seasons (Figures 1C, D).

The content of MDA was also assessed at the flowering stage
for the three rice cultivars under well-watered (Figure 1E) and
drought (Figure 1F) conditions. Except for Gizal78, MDA

06 frontiersin.org


https://doi.org/10.3389/fpls.2022.935090
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

El-Okkiah et al.

10.3389/fpls.2022.935090

TABLE 2 Effects of foliar application of silica on some yield components in response to drought stress during the growing seasons of 2019 and 2020.

Treatment Cultivar PW (g) PL (cm) Number of productive tillers
Water status Silica (mg 1'") 2019 2020 2019 2020 2019 2020
Well-watered (80% WHC) 0 G178 12517 + 0.64°  124.30 + 0.65° 22.60 + 0.61°  23.50 + 0.52° 15.67 + 033" 18.67 + 0.33¢"
SK102 88.07 + 0.0 8951 +0.01U 19.50 +0.06° 21.00 + 0.06%¢  13.67 + 0.331 14.67 + 0.33
SK107 106.59 + 0.328 106,91 + 0.338  21.05 + 0.28 2225 +0.23"° 14,67  0.17% 16.33 + 0.33'
200 G178 117.73 + 0.64°  116.73 + 0.64°  21.60 = 0.00° 2240 + 0.00°¢  26.33 + 0.33" 28.33 + 0.33"
SK102 106.95 + 0.758  108.45 + 0.75® 19.00 + 0.58°8  20.50 + 0.58"" 22,67 + 0.33¢ 23.67 * 0.33°
SK107 11234 + 0.67° 11259 + 0.67° 2030 + 0.29°% 2145 + 0.29% 24,50 + 0.29° 25.67 + 0.33°
400 G178 11873 + 0.64° 117.73 + 0.64° 2428 + 0.36"  25.08 + 0.36" 2133 * 0.33° 2433 + 0.33%
SK102 108.38 + 0.055  109.88 + 0.05' 1777 + 0.068"  19.27 + 0.06" 18.00 + 0.008 19.00 + 0.00¢"
SK107 11356 + 0.32°  113.81 +0.32° 21.02 £ 021° 2218 021"  19.67 + 0.17" 21.33 + 0.33f
Drought (40% WHC) 0 G178 121.47 + 0.64°1 120.47 + 0.64° 1950 + 0.00  20.30 + 0.008"  16.67 + 0.33" 19.67 + 0.338
SK102 7274+ 007 7424007 1674 +0.01™ 1824 +0.017 8.67 +0.33™ 9.67 + 0.33
SK107 97.10 + 036" 9735+ 036 1812 + 0.00%" 19.27 + 0.00™ 12.67 + 0.33' 14.67 + 0.33
200 G178 12233 +0.64° 12133 + 0.64° 2174 + 0.61° 2254+ 061> 2033 + 033 2333 + 033
SK102 7591 + 0.64°  77.41 £ 0.64° 1622 +0.06'  17.72 + 0.06 13.00 + 0.00' 14.00 + 0.00/
SK107 99.12 + 056 99.37 £ 0.56' 18.98 + 0.32°8 20.13 +0.328" 16,67 = 0.17" 1833 + 0.33¢"
400 G178 136.6 + 0.64°  135.60 + 0.64* 21.10 + 0.49°¢  21.90 + 0.49°"  29.00 + 0.00" 32.00 + 0.00*
SK102 102.94 + 0.65"  104.44 + 0.65" 1927 + 0.64®  20.77 + 0.64®  17.00 + 0.008" 18.00 + 0.00"
SK107 119.77 + 0.01% 120.02 + 0.01°  20.19 + 0.32% 2134 + 0.32°¢ 23,00+ 0.00¢ 25.00 + 0.00°¢

Data are presented as mean + SE. Within columns, values followed by the same letter are not significantly (P > 0.05) different. WHC, water-holding capacity; G178, Gizal78; SK102,

Sakhal02; SK107, Sakhal07; PW, panicle weight; PL, panicle length.

showed increased content levels in stressed plants. However, the
lipid peroxidation rate increased regardless of the stage; thus, the
maximum increase was recorded in Sakhal02 in both seasons
(Figures 1E, F).

Free radical scavenging in unstressed and stressed rice
cultivars was also monitored (Figures 1G, H). Our results
showed that the antioxidant activities of rice were enhanced
under water-stressed conditions, and the antioxidative strength
was proportional to drought tolerance levels. DPPH radical
scavenging was used as a tool to determine the total antioxidant
capacity in rice cultivars. The rapid increase in DPPH radical
scavenging capacity could also be related to the level of stress
tolerance in plants. The lower the value, the greater the activity.
Thus, Sakhal02 demonstrated more DPPH radical scavenging
activity than Gizal78 and SakhalO7, suggesting that Sakhal02
could be considered as drought-sensitive cultivar (Figures 1G, H).

3.3 Effect of foliar application of silica on
physiological and biochemical
characteristics of rice plants

Under drought conditions, silica-treated plants had higher
water potential and RWC than those without silica treatment
(Table 4). Among all cultivars, the best results were obtained
with Gizal78 with Si400 treatment. All tested cultivars had
significant increases in the proline contents as silica was
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applied on plants whether they were well-watered or drought-
stressed (Table 4). We also found that the treatment which
included 400 mg I"" of silica with Giza178 under drought stress
conditions increased the contents of Chl a and b content
compared with those of untreated stressed plants of the same
cultivar in both tested seasons (Table 5).

The application of silica reduced oxidative damage and
enhances drought tolerance in rice plants during the stressful
conditions of drought. When compared to well-watered
treatments, the activities of POD and CAT in drought-stressed
plants without silica application (control) were clearly reduced
(Figures 1A, C). However, the application of silica increased
their activities under drought (Figures 1B, D). In response to
drought stress, spraying rice plants of Gizal78 cultivar with 400
mg I of silica slightly increased the activities of POD and CAT.
In addition, silica considerably reduced the MDA content in
leaves of rice plants that belong to Gizal78 cultivar upon the
exposure of drought stressed (Figure 1F).

3.4 Anatomical features of rice roots
and stems

Under well-irrigated and drought conditions, anatomical
features of transverse sections of rice roots clearly distinguished
the tolerant and sensitive rice cultivars. In general, rice roots
consisted of more aerenchyma and air spaces when plants were
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TABLE 3 Effects of foliar application of silica on the yield in response to drought stress during the growing seasons of 2019 and 2020.

Treatment Cultivar

Water status Silica
(mg1™)

Well-watered (80% WHC) 0 G178
SK102
SK107
200 G178
SK102
SK107
400 G178
SK102
SK107
Drought (40% WHC) 0 G178
SK102
SK107
200 G178
SK102
SK107
400 G178
SK102
SK107

GI (g) GY (g) SY (g) HI (%)

2019 2020 2019 2020 2019 2020 2019 2020
31.67 + 0.64° 35,67 + 0.64" 25.64 + 0.58 26.14 + 0.58% 20.53 + 0.06%°¢ 21.03 + 0.06%°¢ 44.48 + 0.48° 44.6 + 0.47°¢
20.00 + 0.58" 20.00 + 0.58" 20.53 + 0.068" 20.68 + 0.068" 27.53 £ 0.51¢ 27.68 + 0.51° 42.72 + 0.64% 42.77 + 053>
25.84 + 0.03 27.84 + 0.03" 26.59 + 0.55% 26.91 + 0.55% 20.53 + 0.00%¢ 20.86 + 0.00%" 43.59 + 0.51%° 43.67 + 0.50°
31.67 + 0.64° 35,67 + 0.64% 28.28 + 0.32° 28.60+ 0.32° 20.28 + 0.08°™" 20.61 + 0.08°™" 41.77 + 0.37F 41.89 + 0.36°
22.33 + 0.06° 2233 + 0.06 21.34 + 0.008 21.49 + 0.008 29.34 + 0.64° 29.49 + 0.64° 42.11 + 0.64>F 42.17 + 0.53%F

27.00 + 0.29°
31.67 + 0.64°
26.67 + 0.64"
29.17 + 0.64%
30.00 + 0.58%
16.67 + 0.06'
2334 + 0328
40.00 + 0.58"
20.00 + 0.58"
30.00 + 0.50°
53.99 + 0.67*
21.67 + 0.648"
37.84 + 0.46"

29.00 + 0.298"
35.34 + 0.94%
26.67 + 0.64"
31.00 + 0.79'8
33.00 + 0.58"
16.67 + 0.06°
24.84 + 0.32'
43.33 +0.88"
20.00 + 0.58'
31.67 + 0.67°
57.99 + 0.67"
21.67 + 0.64
39.84 + 0.46°

27.21 * 0.00¢
30.02 + 0.03*
22.92 + 0.07°
29.11 + 0.01*°
23.19 + 0.31°
18.05 + 0.58'
19.59 + 0.00"
27.44 + 0314
20.86 + 0.048
27.02 + 0.02¢
30.19 + 0.00*
22.74 + 0.00°
29.65 + 0.00*

27.71 % 0.00°
3034 + 0.03"
23.07 + 0.07°
29.61 + 0.01*°
23.52 + 0.31°F
18.55 + 0.58'
19.74 + 0.00"
27.77 + 0.31%4
21.01 + 0.048
27.52 + 0.02°4
3052 + 0.00°
22.89 + 0.00°
30.15 = 0.00*

19.21 + 0.17¢"
21.51 + 0.02%
30.92 + 0.06"
20.10 + 0.12°"
15.32 + 0.00"
11.05 + 0.00/
28.33 + 0.06™
19.94 + 0.27%"
27.86 + 0.61°
19.03 + 0.58"
21.70 + 0.32¢
30.73 + 0.00°
20.65 + 0.64%

19.71 + 0.17¢"
21.84 + 0.03%
31.07 + 0.06"
20.60 + 0.12°"
15.65 + 0.00"
11.55 + 0.00°"
28.48 + 0.06™
20.27 + 0.27%"
28.01 + 0.61°
19.53 + 0.58"
22,02 + 0.32¢
30.88 + 0.00*
21.15 + 0.64%"

4138 +0.21°8
41.75 + 0.00°"
42.42 + 0.78"¢
40.85 + 0.14°"
39.79 + 0328

38.00 + 0.76"

40.66 + 0.64'®

42.09 + 0.61°"
42.82 +0.64°8
4130 + 0.75°8
41.81 + 036"
42.52 + 064>
41.03 + 0.75%¢

41,57 +0.21°F
41.85 + 0.00*°
42,61 + 0.12°¢
41.03 + 0.14°

39.96 + 0.31°F
38.40 + 0.74
40.94 + 0.05°¢
42.20 + 0.61°"
42.87 + 049>
41.49 + 0.73<F
41.91 + 0.36°"
42.57 + 0.00°"
4121 + 073"

Data are presented as mean + SE. Within columns, values followed by the same letter are not significantly (P>0.05) different. WHC, water-holding capacity; G178, Gizal78; SK102, Sakha102; SK107, Sakhal07; GI, weight of 1000 grains or grain index; GY,

grain yield; SY, straw yield; HI, harvest index.
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TABLE 4 Effects of foliar application of silica on RWC and proline content in response to drought stress during the growing seasons of 2019 and 2020.

Treatment Cultivar RWC (%) Pro (ug g FW)
Water status Silica (mg I 2019 2020 2019 2020
Well-atered (80% WHC) 0 G178 96.28 + 0.64° 96.63 + 0.64° 1.24 +0.01% 1.41 £ 0.01°
SK102 68.18 + 0.04° 69.06 + 0.048 1.14 + 0.07% 1.26 + 0.07%
SK107 82.23 + 0.32° 82.85 + 0.32° 1.19 + 0.03 1.33 + 0.04'
200 G178 75.65 + 0.64° 76.00 + 0.64° 2.53 + 0.01°¢ 2.70 + 0.01c!
SK102 70.10 + 0.06' 70.98 + 0.06' 1.85 + 0.06%" 1.97 + 0.06%
SK107 72.88 + 0.34" 73.49 + 0.34 2.19 + 0.03*¢ 2.34 + 0.03%
400 G178 78.61 * 0.61¢ 78.96 + 0.61¢ 2.84 +0.51° 3.00 * 0.51°
SK102 81.44 + 0.06° 82.32 + 0.06° 2.09 + 0.00°4 2.21 + 0.00%
SK107 80.03 + 0.29% 80.64 + 0.29% 2.47 + 025" 2,61 + 0.25°
Drought (40% WHC) 0 G178 53.55 + 2.80' 53.90 + 2.80' 243 +0.30° 2.59 + 0.30°
SK102 37.94 + 0.09 38.82 + 0.09" 1.37 + 0.06°8 1.49 + 0.06"
SK107 45.75 + 1.36 46.36 + 1.36/ 1.9 + 0.12% 2.04 + 0.12¢
200 G178 71.10 + 0.64" 71.45 + 0.64' 2.76 + 0.00° 2.92 + 0.00"¢
SK102 39.66 + 0.06" 40.54 + 0.06° 1.92 + 0.06°® 2.04 + 006
SK107 63.24 + 031" 63.85 = 0.30" 2.34 + 003" 2.48 + 003
400 G178 86.81 + 0.64° 87.16 + 0.64" 4.54 + 0.06° 470 + 0.06*
SK102 40.00 + 0.00% 40.88 +0.00" 3.93 + 0.07° 4.05 + 0.07°
SK107 55.55 + 0,321 56.17 + 0.32' 4.24 +0.00° 4.38 + 0.00°

Data are presented as mean + SE. Within columns, values followed by the same letter are not significantly (P>0.05) different. WHC, water-holding capacity; G178, Gizal78; SK102,
Sakhal02; SK107, Sakhal07; RWC, relative water content; Pro, proline.

TABLE 5 Effects of foliar application of silica on photosynthetic pigments in response to drought stress during the growing seasons of 2019 and 2020.

Treatment Cultivar Chl a (ug cm™) Chl b (ug cm™) Total Chl (ug cm™)
Water status Silica (mg ) 2019 2020 2019 2020 2019 2020
Well-watered (80% WHC) 0 G178 29.58 +0.19% 3245 + 0.18%"  14.34 + 0.08" 1459 +0.087 5792 +0.12°  51.45 + 0.18%%
SK102 29.40 + 0.06% 31.3 + 0.06' 1476 + 0.64™ 1326 + 0.64  51.77 + 0.06°0 5127 + 0.06°*
SK107 29.49 + 0.09%  31.88 +0.06"  14.75 + 0.04"7 1393 + 0347  54.85+ 0.08°  53.15 + 0.08°
200 G178 3233 +023% 3351 £021% 1549 + 0228 1574 £ 0228"  50.15 + 0.07%  49.33 + 0.08°
SK102 30.38 + 0.648 3228 + 0.64"  16.22 + 0.06 1472 £ 0.065  46.65  0.01"  46.15 + 0.01"
SK107 3136 + 0228 32.89 + 042" 1568 + 0.11%" 1523 + 014" 5240 +3.05  50.87 + 1.56°¢
400 G178 3544 +026° 363 +0.08¢ 1723 +027° 1748 + 027°  51.68 + 0.15  51.65 + 0.17°¢
SK102 3233+ 0.07° 3423 007 1758 +0.06" ¢ 16.08 £ 0.06°  52.51 + 0.64°  52.01 + 0.64°
SK107 33.89 +0.13 3527 +0.04% 1695+ 0.07% 1678 +0.16°  51.09 + 1.04°)  51.37 + 0.58°%
Drought (40% WHC) 0 G178 29.79 £ 0.09°  28.15 + 0.02 1451 +0.16" 1405+ 0.03" 5249 + 026° 4941 + 0.16%
SK102 2513 +0.05° 2703 +005 1271 +000° 1121 +0.00° 4448 + 0.06'  43.98 + 0.06°
SK107 27.46 + 0.06° 2759 +0.02 1373 +0.03% 1298 +0.08% 3821 +0.028  43.81 + 0.09%
200 G178 3566 + 022" 3924 +0.12° 1865+ 0.16° 1890 + 0.16™  52.64 = 0.07° 5864 + 0.19°
SK102 29.36 £0.00° 3126 + 0.00°  17.59 + 0394 16.09 + 039  51.78 + 0.64°!  51.28 + 0.64°%
SK107 3251+ 0.11" 3525 +0.06% 1626 + 0.05%  17.49 + 0.18"® 5221 + 029 5543 + 0.24°
400 G178 36.68 + 0.08"  41.44 +0.03°  21.63 +0.12*°  21.88 +0.12° 6431 =0.18"  60.19 + 0.00°
SK102 30.55 + 0738 3245+ 0.738" 1833+ 0.64™  16.83 + 0.64° 5236+ 0.01°)  51.86 + 0.01°
SK107 33.62 +029° 3695+ 037° 1681 +0.14%" 1935 +031° 5833 +0.08" 5926 + 0.04*

Data are presented as mean + SE. Within columns, values followed by the same letter are not significantly (P>0.05) different. WHC, water-holding capacity; G178, Gizal78; SK102,
Sakhal02; SK107, Sakhal07; Chl, chlorophyll.
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FIGURE 1
Effects of silica (Si) on enzyme activities, lipid peroxidation, and antioxidant potential of rice under drought conditions. Estimation of the
antioxidant enzyme activities of (A, B) POD (U mg™ protein) and (C, D) CAT (U mg ™ protein); measurement of (E, F) MDA content (nmol g™
FW); and (G, H) DPPH radical scavenging activity (%) under well-watered (A, C, E, G) and drought stress (B, D, F, H) conditions. Values are means
of six replicates + standard deviation. Different letters in black and red indicated significant differences during the 2018/2019 and 2019/2020
seasons, respectively. POD, peroxidase; CAT, catalase; MDA, malondialdehyde; DPPH, and 2,2-diphenyl-1-picrylhydrazyl.

well-irrigated than the drought-stressed plants (Figure 2A). We
observed increase in the size and number of aerenchymatous
tissues as well as in secondary cell walls (Figure 2A). In response
to drought stress, the rice roots in the three cultivars showed a
proportional decrease in the cortex area destined for the
aerenchyma, in addition to thickening of the cell walls of the
endodermis and sclerenchyma layer cells (Figure 2A).

The outer layers were made up of unicellular epiblema,
followed by the cortex region, which was made up of
multilayered cortical parenchymatous tissue and vascular
bundles of xylem and phloem tissues. In drought-tolerant
cultivars, the rate of aerenchyma disappeared in drought-
stressed plants, indicating different morphological alternations
in the tested cultivars. Gizal78 and Sakhal07 showed a
significant reduction in aerenchyma tissue when plants were
under drought stress. The shortage of water resulted in more
sclerenchyma layers in the cell walls in the roots of the 4-month-
old rice plants in Gizal78 or Sakhal07 cultivars. The thicknesses
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of xylem vessels (XV) under well-watered (control) and drought
conditions were 4.6 and 8.9 m, respectively, in Gizal78 cultivar
(Table S4). In Gizal78 cultivar, the thicknesses of the
endodermis cell wall in roots ranged from 4.6 under well-
irrigated water regimes to 10.8 wm under drought stress
conditions, whereas Sakhal02 cultivar showed less thicknesses
in the endodermis cell wall (Figure 2B). In general, drought
stress also affected the lignification process in the epidermis
(ET), exodermis, and sclerenchyma of roots (Figure 2B).
Under control and drought conditions, the anatomical
features of transverse rice roots differentiated tolerant and
sensitive cultivars (Table S4). In comparison to the root system
of well-watered plants (Figure 2C), the stele diameter increased
and was positively connected with the XV area under drought
stress conditions (Figures 2D-F). Thus, this was essential for the
water conductance from the soil to the top regions of the plants to
satisfy evaporative need. In response to drought stress, the
vascular cylinder area was affected differently in the three rice
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FIGURE 2

Transverse sections of the formation of root layers in rice cultivars affected by the application of silica and drought stress. Layer formation of
aerenchyma, parenchyma, endodermis, and sclerenchyma in Gizal78 cultivar in response to (A) well-watered (control); (B) drought stress for 4 months.
Gizal78, Sakhal02, and SakhalO7 were treated with or without silica under drought stress conditions. Response of the drought-tolerant Gizal78 cultivar
to no silica treatment under (C) well-watered irrigation (control) and (D) drought stress conditions. Response of the (E) moderate tolerant cultivar
Sakhal07 and (F) drought-sensitive Sakhal02 cultivars to no silica treatment and drought stress. Alternations in root system architecture of Gizal78 upon
the application of silica at 400 mg [™* under drought stress conditions. In (A, B), cross sections were obtained at 20 mm from the root tip. In (C-G), roots
were stained with safranin and fast green. Notice the cell wall thickness of pith and xylem under drought conditions. E, endodermis; MX, metaxylem.

varieties. For example, the area of the vascular cylinder was highly
affected in Sakhal07 (Figure 2E), whereas the same area
continued to expand in Gizal78 (Figure 2D) by drought stress.

When plants of Gizal78 cultivar were exposed to water
stress, Casparian strips known for the endodermis suberization
in roots were primarily made of suberin, a waxy substance
surrounding the endodermis that could potentially help the
root system resist water (Figure 2D). In addition, we observed
that the expansion in the vascular cylinder area in the roots of
Gizal78 cultivar increased metaxylem (MX) vessel numbers in
the small-diameter vessels in response to drought (Figure 2C)
compared to well-irrigated treatments (Figure 2D). In Sakhal02,
the area of the vascular cylinder was limited when drought stress
was applied on these plants (Figure 2F). Thus, this susceptible
variety had the least amount of MX within the roots.

On the other hand, the increased levels of silica in
combination with the drought-tolerant cultivar Gizal78
resulted in a significant increase in the diameter of the
vascular cylinder of roots even under drought stress conditions
(Figure 2G). The root of the examined cultivars produced thicker
cell walls in the endodermis, xylem vessels, and sclerenchyma
layer cells in response to the drought conditions; thus, this
response was noticed more frequently in Gizal78 cultivar.
This suggests that the Gizal78 cultivar may most probably be
more tolerant to drought stress than Sakhal07 or Sakhal02
cultivars (Figure 2). In conclusion, this study demonstrated that
the root anatomical features of the cultivar Gizal78 seemed to
have a better response to tolerate drought stress when compared
to other rice cultivars, i.e., Sakhal02.

Frontiers in Plant Science

11

In the current study, well-irrigated and water-deficient
treatments reduced most of the Sakhal02 cultivar stem anatomical
features compared with the control (Table S5 and Figure SI). A
significant reduction in ET, phloem tissue (PhT), and inner vascular
bundle thickness (VBT; pm) was observed. However, it was clear
from the results that all stem anatomical features of the rice cultivar
Gizal78 increased significantly in response to drought stress
compared to well-watered control plants (Table S5).

In comparison to plants that were or were not exposed to
drought stress, the application of silica at 400 mg 1" increased
the diameter of the metaxylem vessels and the thickness of the
stem ground tissue (Table S5).

3.5 Economic indicators of land and yield
components

Food security is necessary for the economic and social
stability as well as for sustainable development. In Egypt, the
rice crop is of further importance to farmers for profitable
purposes. Because it is grown mainly in the Nile River Delta
(e.g., the city of Kafr Sheikh), the rice growing areas face
common water shortage during the production season. Such
area can be used for rice cultivation to alleviate the effect of
salinity stress. One effective strategy to overcome such problem
is to develop improved varieties with a better genetic
composition for low water consumption.

Drought stress had a negative impact on yield-contributing
traits, such as PW, PL, and the number of productive tillers. In
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both seasons, Sakhal02 had the lowest PW, and PL and the
number of productive tillers were reduced. Under drought stress
conditions, the rice cultivar G178 showed a tremendous increase
in these traits in both seasons. In addition, SY and GY were
severely reduced in the tested rice genotypes under drought
stress conditions (Table 3).

The various improvement techniques of rice varieties play a
pivotal role in increasing productivity per unit area of land and
in the amount of water used to produce. The average annual land
and water productivity of rice varieties were analyzed in this
study. The Earth’s average productivity for these varieties was
estimated at 9.58 MT hal. The two cultivars, Gizal78 and
Sakhal02, recorded the highest and lowest average production
ha™!, respectively. These results indicated that Gizal78 presents a
2% higher productivity compared to the average production of
the other varieties. This is equivalent to an increase in rice
production of 31,000 MT year™', which can be due to its high
production capacity with a shorter maturity duration compared
to other rice cultivars. According to the current findings, the
cultivar Gizal78 was found to be drought tolerant, producing
higher GY and SY than all other cultivars tested under drought
stress conditions. However, Sakhal02, the drought-prone
cultivar, had the lowest GY and SY (Table 3).

10.3389/fpls.2022.935090

3.6 Correlation analysis

The upper triangle revealed that GY was significantly
correlated with all other traits under control and drought
treatments except for PL and FLA under control treatment
only (Figure 3). In addition, the diagonal showed the density
plots of the investigated traits (Figure 3). The X-axis of each
density plot represents the values of the trait, while the Y-axis
represents the relative probability of an area under the
curve (Figure 3).

The highest density of the values of the trait is referred by the
area under the curve around the peak of the density plot. From
the density plots, it was observed that all the studied traits were
affected by the drought treatment mainly in its density as well as
its magnitude, where the peaks of the studied traits under
drought treatment (blue plots) were at lower values than the
peaks under control treatment (red plots) (Figure 3).

3.7 Path analysis

The four direct effects and the three indirect effects are
included in Figure 4. Concerning the direct effects, the first was

PH RN

Corr: 0.572"*

Drought: 0.676™

//

B0 BB s s B

FIGURE 3

Corr: 0.695™

Drought: 0.
Corr 0554"'

PW PL Gl GY

Corr: 0.600™ Corr. 0.921™

Y

Corr: 0.480" Corr: 0.790™**

Drought: 0.746

Corr: 0.452*

//”7‘”%;%

6 18 20 2 24 20 0 4 5 6 15

Spearman correlation matrix among the studied traits under well-watered (control) and drought treatments. The diagonal part of the produced
plot represents the density plots of the studied traits, while the lower triangle represents the regression relationship with confidence interval
between each pair of the studied traits. *, ** and *** refer to significant difference at P<0.01, 0.05 and 0.001, respectively.

Frontiers in Plant Science

12

frontiersin.org


https://doi.org/10.3389/fpls.2022.935090
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

El-Okkiah et al.

i

ReSquare
0.7

L 053
Direct effect = 1.8 SR
Indirect effect = 0.9 @ 0.95%

e ReSquare

woo0s

8 0.18
Direct effect = .95 14 0.069
Indirect effect = 0.188 o 081
FIGURE 4

Path diagram of the direct and indirect effects of water irrigation regimes on rice traits. Response traits in rice plants under (A) well-watered

(control) and (B) drought stress conditions. Each diagram has three types of arrows. The first is the path of a single-headed arrow that is used to
define the causal relationships between two variables, where the variable at the tail of the arrow (independent variable) affects the variable at the
head (dependent variable). The second is the covariance, which is a double-headed arrow connecting two variables and defining the covariance
between them. The third is the variance, which is a double-headed arrow pointed at the same variable and defining the variance of that variable.
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the direct effect of reproductive tiller number (RTN), FLA, and
RV on PW (R* = 0.654 and 0.743 under control and drought
treatments, respectively; Figure 4A). The second was the direct
effect of RTN and FLA on GI (R* = 0.069 and 0.441 under
control and drought treatments, respectively). The third was the
effect of RTN and PH on PL (R? = 0.128 and 0.533 under control
and drought treatments, respectively). The fourth was the direct
effect of PW, PL, GI, and PH on GY (R* = 0.814 and 0.955 under
control and drought treatments, respectively).

On the other hand, the first was the indirect effect of RTN,
FLA, and RV on GY via PW, and the second was the indirect
effect of RTN and PH on GY via PL (Figure 4B). The third was
indirect effect of RTN and FLA on GY was via GI. The
significant direct effects were RV on PW and PH on GY under
control treatment, while under drought treatment, the
significant direct effects were RTN on GI and both PW and
PH on GY. All the indirect effects were not significant either
under control or under drought treatment (Figure 4).

From the heatmap, it was clear that the lower GY (blue
color) was mainly due to the lower values of all the traits except
for GI (Figure 5). In addition, the higher GY (red color) was
associated with the high values of all traits except for
GI (Figure 5).

3.8 The goodness-of-fit model

As the characteristics of the goodness of fit were as shown in
Table 6, almost all indices meet the criteria such as the ratio of
chi-square to degrees of freedom (CMIN/df) = 0.003/11 (<2). It
was demonstrated that the normed fit index (NFI) = 0.987,
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comparative fit index (CFI) = 0.989, Tucker-Lewis index (TLI) =
0.978, and relative fit index (RFI) = 0.973.

Another way to fit this model was to calculate the
approximate high goodness-of-fit index (GFI) = 0.975, and the
estimated root mean square error of approximation (RMSEA) =
0.004 (<0.05), confirming the fitness of the model and
representing the best fit to the model.

4 Discussion

Drought stress is one of the significant environmental stress
factors affecting plant growth and development (Singh et al,
2017). The lack of soil moisture may partially contribute to the
negative impact on plant growth and development (Gong et al.,
2003; Singh et al., 2017; Abd El-Mageed et al., 2022). This was
evidenced by the reduction in all growth parameters reported in
the current study. In alignment with other studies (Henry et al,
2016; Elnahal et al., 2022; Fouda et al., 2022), our results showed
that water stress reduced PH and the number of tillers. This
could be due to the decrease in cell turgor, which inhibited cell
division and expansion. The PH and number of tillers varied
among the three rice cultivars tested in the present study.

Leaf area is a critical factor that influences crop development
and production and is primarily responsible for the plant’s
photosynthetic activity. The decline in FLA in our study might
have resulted from the compact size and senescence of leaves, as
well as the short growing season (Zewdie et al., 2007; Prasad
et al., 2021; Naiem et al., 2022a; Naiem et al., 2022b). It was
found that Gizal78 was the least influenced rice cultivars tested
in this study under drought stress conditions in both seasons
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reproductive tiller number; PW, panicle weight; Hl, harvest index; GY, grain yield; FLA, flag leaf area; PL, panicle length.

(Table 1). Thus, Gizal78 was considered to be a drought-
tolerant cultivar producing the highest GY and SY under
drought stress conditions among the tested cultivars, whilst
SakhalO2 yielded the least grains and straws, and it was
regarded as drought-sensitive cultivar.

During the reproductive stage of rice, the increase in soil-
water tension increased spikelet abortion, resulting in a
reduction in the spikelet counts panicle” (Kikuta et al., 2016).
In addition, the decrease in GY decreased the FLA and
photosynthetic ratio (Kumar and Dey, 2011; Lemoine et al,
2013). In the current study, GY was proportionally reduced in
response to the water-deficit treatment in both seasons (Table 2)
and this could be because of the shortage in water supply. In the
current investigation, low GY was associated with low GI.

According to Ahmed et al. (2011), drought tolerance in
plants can be enhanced by the application of silica. When plants
are exposed to drought stress, their leaf water potential and
RWC decreases (Farooq et al.,, 2009). Therefore, silica
application can improve water status in rice and other crops

TABLE 6 Goodness-of-fit measures for model evaluation.

Goodness-of-fit index Indicator value

CMIN/df 0.003/11
NFI 0.987
CFI 0.989
TLI 0.978
RFI 0.973
GFI 0.975
RMSEA 0.004

under drought conditions (Farooq et al., 2009; Gong and Chen,
2012). Similar observations have been reported by Sonobe et al.
(2011) in sorghum plants treated with silica under water-deficit
stress conditions. It has been proposed that incorporating silica
into the culture solution may improve root water uptake by the
root system under drought stress by the active deposition of total
soluble sugars and amino acids.

To reverse the harmful effects of drought injuries, plants can
maintain cell turgor by accumulating different types of organic and
inorganic solutes (sugars, amides, amino acids, and proline) in the
cytosol (Joseph et al., 2015). The increased proline content can help
maintain the tissue water status and prevent cell damage caused by
the drought. This is consistent with the results reported by Huang
et al. (2004) who demonstrated that low water potential can cause
cell membrane destruction and enzyme deactivation, thereby
leading to electrolyte loss. Proline deposition takes place typically
in the cytosol, resulting in cytoplasmic osmotic adjustment. In the
current study, an elevation in proline contents was shown in
drought-stressed rice plants. Gizal78 accumulated more proline

Critical (acceptable) value Status

<2 Goodness of fit
>0.9 Goodness of fit
>0.9 Goodness of fit
>0.9 Goodness of fit
>0.9 Goodness of fit
>0.9 Goodness of fit
<0.05 Goodness of fit

CMIN/df, chi-square to degrees of freedom; NFI, normed fit index; CFI, comparative fit index; TLI, Tucker-Lewis index; RFI, relative fit index; GFI, goodness-of-fit index; RMSEA, root

mean square error of approximation.
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in response to drought stress than any other rice cultivar (Table 4).
This could be attributed to its high efficiency in drought tolerance.
This is in agreement with the reported findings of Khedr et al.
(2022), when they showed that the rice cultivar Misr 3 exposed to
high salt stress resulted in higher proline content, compared to
plants not suffering from salt stress.

Proline levels increased when wheat leaves were exposed to water
stress, whereas silica application reduces accumulation of proline
(Khedretal.,2022). We argue that the accumulation of proline can be
an indicator of drought stress-related damage. More research is
required to understand the role of the regulative role of silica in the
accumulation of compatible cellular solutes in drought tolerance.

One strategy to ameliorate the detrimental effects of
oxidative stress through the overaccumulation of reactive
oxygen species (ROS) in drought-tolerant plants is the
generation of both enzymatic and non-enzymatic antioxidant
defense systems under harsh environmental conditions (Cui
et al., 2010). Our data in the three tested cultivars showed an
elevation in antioxidant capacity in response to drought, of
which Gizal78 had the highest and Sakhal02 the lowest
values. These data were in agreement with those previously
reported by Dominguez-Perles et al. (2011).

It has been reported that water deficiency also alters the
biochemical responses in plants by increasing the antioxidant
capacity (Anjum et al., 2012; Lum et al,, 2014; Abd El-Aty et al,,
2022; Abo Sen et al, 2022). For instance, drought stress can
enhance the activities of the antioxidant enzymes, superoxide
dismutase (SOD), CAT, and POD, thus developing defense
mechanisms against ROS (Khedr et al., 2022). SOD catalyzes
the dismutation of superoxide radicals to molecular oxygen and
H,O0,, providing cellular defense against ROS. The majority of the
H,O, produced by the catalysis of SOD remained biologically
toxic. Following drought stress, the increased rate of SOD activity
was lower in drought-tolerant genotypes than in drought-
sensitive genotypes; however, the increased rate of CAT and
POD activity and total antioxidant capacity was higher in the
drought-tolerant genotypes (Simova-Stoilova et al., 2008; Hussain
et al,, 2021; El-Ashry et al., 2022; Khedr et al,, 2022). Thus, the
production of H,0, due to the activated SOD enzyme can
function in oxidative stress signaling and can act as a secondary
messenger to protect reactions leading to induced CAT and POD
activity in plants (Anjum et al., 2011; Hussain et al., 2021; Abd EI-
Mageed et al., 2022; EI-Ashry et al., 2022). The drought-induced
oxidative stress tolerance may be conferred by the high stability
and increased CAT and POD activities (Tian et al., 2012).

MDA which is produced by membrane lipids in response to
ROS can be used as a drought indicator to evaluate the degree of
plasma membrane damage and the ability of plants to tolerate
drought stress (Zhang et al., 2021). The high contents of free
proline and MDA were also associated with rice productivity
under drought stress conditions, despite the cultivar used.

Silica mitigates drought stress in many plants, including rice,
wheat, maize, tomato, sorghum, sugarcane and broad bean, which is
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largely due to improved water retention and photosynthesis (Gong
and Chen, 2012; Malik et al,, 2021). In wheat, silica partially reduced
the detrimental effect of drought by enhancing the activities of SOD,
CAT, and glutathione reductase while decreasing the H,0,
concentration and oxidative protein destruction (Gong et al,
2005). In addition, the activity of acid phospholipase, which
hydrolyzes phospholipids, was reduced in wheat plants treated
with silica and exposed to drought stress, thus indicating that
silica can lower the phospholipid de-esterification damage in
drought-stressed wheat. In grapevine rootstock, silica reduces the
MDA content (Soylemezoglu et al., 2009). DPPH free radicals were
also investigated for screening plant cultivars for stress tolerance
(Dominguez-Perles et al., 2011). The increase in the DPPH radical
scavenging capacity can be correlated with the degree of stress
tolerance in plants (Huang et al., 2004; Joseph et al., 2015).
Lignification and suberization of plant structures can also
help in maintaining deep soil horizon water uptake while
avoiding losses to dry soil at shallower levels. It has been
reported that silica is involved in the formation of Casparian
strip in the root endodermis and exodermis and increased
suberization and lignification of sclerenchyma in rice cells
(Fleck et al., 2011). These characteristics warrant further study
before they can be used in agricultural settings. Drought
increased the lignification of the stele while decreasing the
lignification of the cortex and outer layers (ET, exodermis, and
sclerenchyma) in roots. In rice roots, the distribution and
reactivity of suberized and lignified endodermal and outer cell
layers in wet and dry soils play important roles in controlling
water and nutrient homeostasis (Barberon, 2017). Their
significance in establishing a barrier to radial oxygen loss
during floods has been well documented (Colmar, 2003).
Despite the significant reduction in root permeability of rice to
drought, the increased lignification and suberization of the
exodermis and endodermis have led to the formation of a
barrier to radial O, loss which did not affect root hydraulic
conductivity (Garthwaite et al., 2006; Ranathunge et al., 2011).
In contrast to sensitive varieties, vascular bundles of drought
tolerant cultivars were found to be highly responsive to water
deficiency. For example, the vascular bundle diameter has
contributed to the maintenance and transport of water
(Kadam et al. 2015). In order to preserve stele area under
drought stress, it is advantageous to retain root penetration
(Kikuta et al., 2016). In the current study, the drought tolerant
cultivar Gizal78 had a total of five metaxylem vessels; whilst
Sakhal02, which is far more sensitive, possessed only three
vessels. Similar pattern was observed in the number of xylem
tissues. As a result, the diameter and quantity of xylem along the
root length of tolerant rice types increase water efficiency under
water scarcity stress (KKadam et al., 2015). The structures in the
root metaxylem can be considered as morphological
characteristics in drought stressed plants (Kadam et al., 2015).
Conservation of the stele area under drought stress can be
advantageous for maintaining root penetration ability (Kikuta et al.,
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2016). Smaller vessels can protect the xylem from cavitation,
moderate water movement to the shoot, and maintain the
rhizosphere wetness for roots to continue growth and water and
nutrient uptake. Plasticity in vessel size may provide advantages
under drought, while allowing sufficient water transport to the
shoot to support growth under well-irrigated conditions. In corn,
the stele area was positively associated with root tensile strength
(Delavar et al.,, 2017). In rice, the maintenance of the stele area and
fortification of the stele with lignin during drought can help roots to
continue growing when soils become harder. In drought tolerant
cultivars, the lignification of epidermal tissues and the thickness of
vascular and dermal tissues increase in stems of plants under water
stress conditions (Dolatabadian et al, 2011). It has also been
reported that silica can be involved in the formation of Casparian
strips in the root endodermis and exodermis; in addition to the
increased suberization and lignification of sclerenchyma tissues in
rice plants exposed to drought stress (Fleck et al,, 2011). In the
present study, the insignificant correlation between GY, PL, and
FLA was due to that PL and FLA were not significantly correlated
with all the other traits. In general, the correlation coefficients
among the studied traits under drought treatment tended to be
higher than under control treatment with exception to the
correlation between RV and both GY, GI, and PH.

In our path analysis, the direct effect of RV on PW was
significant under control treatment; however, it was not
significant under drought treatment. This may be due to the
adverse effect of drought on root growth. The heatmap showed
that Gizal78 was superior to Sakhal02 and SakhalO7 in PH,
PW, RTN, GI, and GY. This suggests that GY and its attributes
were less adversely impacted by drought than the other cultivars.

5 Conclusion

From the results, we conclude that drought stress negatively
affects the morphological, physiological, biochemical
characteristics of the tested rice cultivars. Silica could promote
growth and development in rice by increasing water interactions
and enhancing physiological properties. Our results showed that
the application of silica on rice plants can not only ameliorate the
impact of drought stress but also improve the quality features of
the grain. In conclusion, Gizal78 was the most drought tolerant,
whereas Sakhal02 was the most drought sensitive among the
tested rice cultivars in this study. Future direction to determine
the main biomarkers of drought stress and how these are
mitigated by the exogenous application of silica is underway.
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