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Abstract: In Egypt’s arid and semi-arid lands where the main olive production zone is located,
evapotranspiration is higher than rainfall during winter. Limited research has used nanomaterials, es-
pecially nano-silicon (nSi) to improve the growth, development, and productivity of drought-stressed
fruit trees, amid the global water scarcity problem. To assess the role of nSi on drought-sensitive
‘Kalamata’ olive tree growth, and biochemical and physiological changes under drought conditions,
a split-plot experiment was conducted in a randomized complete block design. The trees were foliar
sprayed with nSi in the field using nine treatments (three replicates each) of 0, 150, and 200 mg·L−1

under different irrigation regimes (100, 90, and 80% irrigation water requirements ‘IWR’) during
the 2020 and 2021 seasons. Drought negatively affected the trees, but both concentrations of nSi
alleviated drought effects at reduced irrigation levels, compared to the non-stressed trees. Foliar
spray of both concentrations of nSi at a moderate level (90% IWR) of drought resulted in improved
yield and fruit weight and reduced fruit drop percentage, compared to 80% IWR. In addition, there
were reduced levels of osmoprotectants such as proline, soluble sugars, and abscisic acid (ABA)
with less membrane damage expressed as reduced levels of malondialdehyde (MDA), H2O2 and
electrolyte leakage at 90% compared to 80% IWR. These results suggest that ‘Kalamata’ olive trees
were severely stressed at 80% compared to 90% IWR, which was not surprising as it is classified as
drought sensitive. Overall, the application of 200 mg·L−1 nSi was beneficial for the improvement of
the mechanical resistance, growth, and productivity of moderately-stressed (90% IWR) ‘Kalamata’
olive trees under the Egyptian semi-arid conditions.

Keywords: abscisic acid; antioxidants; chloroplast degeneration; drought; malondialdehyde;
nanoparticles; oxidative stress; photosynthesis

1. Introduction

The olive tree (Olea Europaea L.), family Oleaceae, is an evergreen tree and one of
the oldest fruit trees believed to be indigenous to the entire Mediterranean Basin. Its
cultivation was considerably developed in Syria and Palestine and spread to the island of
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Crete towards Egypt [1,2]. The olive tree is a symbol of honor and culture and has been
used as a prize for champions at the Olympic games [1]. Its global cultivated area is about
12,763,184 ha with a total annual production of approximately 23,640,307 t and an average
yield of 1.85 t·ha−1. In Egypt, olive cultivation increased during the past two decades and
reached 100,826 ha with an annual production of about 932,927 t and an average yield of
9.25 t·ha−1 [2]. Egypt ranked eighth and third in global olive oil and table olive production,
respectively. A total of 10% of the crop is planted for the purposes of producing olive oil,
whilst 90% is for pickling [3]. The most important grown cultivars in Egypt are Toffahi,
Aggizi, Picual, Manzanillo, Kroniaki, Coratina, Chemlali, and Kalamata.

As one of the most famous olive cultivars worldwide, ‘Kalamata’ olive was introduced
to Egypt from Greece about three decades ago. The tree is drought-sensitive, cold intolerant,
and fairly large, with distinguished large grey-green foliage, which grows to twice the size
of other olive cultivars. The tree has inconspicuous white flowers that produce large deep
reddish-purple fruit. The fruit is soft, almond-shaped, and slightly bitter in flavor. Fruit are
hand-picked to avoid bruising, and they contain moderate oil levels, so growers produce
them mainly for use as table olives (pickled) and some oil. The optimal harvest time is late
fall, whilst other cultivars are usually picked earlier [4].

Egypt’s Mediterranean climate of hot dry summers and warm humid winters is well
suited for olive cultivation. In general, olives are drought-tolerant plants and can withstand
hot and dry conditions; however, total annual production has been negatively affected in the
past few years amidst climate change-induced water shortage and soil salinity problems [5].
Water scarcity has become a recent problem in Egypt and may translate to a limiting factor
for the overall fruit industry in the future, particularly with the increased human demand
for freshwater, which creates competition with agricultural activities [6]. Water resources
and rainfall (20–200 mm annually) are limited, and the Nile River is the most important
water resource [7]. Under such conditions, there is a need to reduce agricultural water
demand and increase the economic productivity of water for the future expansion of olive
agriculture in the water-scarce Mediterranean area [8]. Improving on-farm management of
agricultural water through the utilization of advanced irrigation technology, (e.g., deficit
irrigation) and improved irrigation scheduling, offer the prospect of significant increases in
water productivity [9–13]. Deficit irrigation is a strategy where the amount of applied water
is less than the full water requirements of a crop, and the resulting stress has minimal effects
on crop yield [14]. Deficit irrigation effectively reduced water requirements, enhanced plant
water use efficiency [15], and improved fruit quality of various deciduous and evergreen
fruit trees [16–18], including olives, depending on the phenological stage when water
shortage was applied, drought severity, and the cultivar [19–24].

The scenario of deficit irrigation is still under research for a few olive cultivars, such
as ‘Kalamata’, which is classified as a drought-sensitive cultivar. Generally, drought mainly
impacts plant morphology, physiology, and biochemistry [25]. Under such conditions,
xylem vessels become susceptible to embolism or dysfunction, leading to lower hydraulic
conductance and carbon intake, which in turn affect plant growth characteristics and
productivity [26]. Drought stress causes a reduction in root and vegetative growth, number
of leaves per branch, leaf area, and leaf water content [27]. It also causes photoinhibition of
photosystem II (PS II), limits electron transfer from PSII to photosystem I (PSI) and induces
stomatal closure. These eventually decrease CO2 fixation in the chloroplast during the
Calvin cycle [28–30]. Drought stress causes an increase in the formation of reactive oxygen
species (ROS) negatively affecting plant metabolism through oxidative damage by lipids,
proteins, and nucleic acids [31,32].

Various reports have shown that the foliar fertilization of micronutrients such as Zn,
B, Cu, Mn, Si, Se, and Fe are effective and induce a very rapid plant response. Their
application can improve the nutrient balance of a plant, resulting in increased fruit yield
and quality, better disease resistance, and alleviation of the adverse effects of drought and
salinity stress [33–36]. During the past three decades, many problems in different fields of
science and industry have been resolved using nanotechnology. Materials that are smaller
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than 100 nm, at least in one dimension, are generally classified as nanomaterials [37].
Nanomaterials could be used for designing new fertilizers [38], to ensure the effective
delivery of the required nutrients to the plant and a very rapid plant response [33] with
only one-third of the required conventional counterparts added to the environment [39].
In the same context, it was reported that silicon is mostly toxic to plants in its bulk form,
whereas silicon nanoparticles were beneficial for plants [40].

Silicon (Si) is the second most abundant element in the soil; however, it is not consid-
ered an essential element for plant growth, development, or productivity [41]. Recently, Si
has gained global attention because it is safe for the environment, induces disease and pest
resistance in plants, and can reduce doses of pesticides applied for plant protection [42].
Silicon is beneficial for alleviating the nutrient imbalance stress and improving the growth,
development, and yield of various plants [43]. It improves organogenesis, embryogenesis,
growth traits, and the morphological, anatomical, and physiological characteristics of
leaves. It also enhances tolerance to chilling, freezing, salinity, and drought and protects
cells against metal toxicity, oxidative stress, and phenolic browning [40,44,45]. Foliar appli-
cation of Si is most powerful for plants under stressful conditions, such as salinity, drought,
flood, heat, cold, and even biotic stress [46]. Silicon can potentially decrease the negative
effect of oxidative stress and offer slight resistance to some abiotic and biotic plant stresses.
A large number of genes are activated by stress, and several Si-produced proteins that
participate in biochemical pathways lead to the enhancement of stress tolerance [47]. The
application of nano-silicon (nSi) has been suggested to enhance plant tolerance to drought
stress by reducing the production of reactive oxygen species (ROS) in barley, wheat, faba
bean, feverfew, strawberry, Mahaleb cherry, and mango [34,48–54]. The primary mecha-
nisms of Si-mediated abiotic stress reduction include plant antioxidant system activation,
co-precipitation and immobilization of toxic metal ions in the growth medium, and metal
absorption and separation within the plants [55–68].

Limited research findings have been reported on the effect of nanoparticles (NPs) on
woody plants, especially fruit trees. Most reports focused on the role of NPs to alleviate
the effect of stressful conditions on fruit tree seedlings, whilst some concentrated on
using NPs to improve the growth, yield, and fruit quality of fruit trees growing under
non-stressful conditions. To the best of the authors’ knowledge, this is considered to be
one of few reports to cover both goals and the first on a drought-sensitive olive cultivar.
The aim of this research was to estimate the role of nano-silicon in alleviating the drastic
effects of water stress on a drought-sensitive ‘Kalamata’ olive tree grown under semi-
arid conditions. The hypothesis was that nano-silicon may enhance the physiological
and biochemical characteristics of stressed ‘Kalamata’ trees by improving the resistance
mechanisms, growth, and productivity.

2. Results
2.1. Yield

Olive yield differed slightly from one season to another (Figure 1a). In the 2020 season,
the yield per tree increased with increased nSi concentration, regardless of the water stress
level, with the exception of trees that received 80% IWR. The highest yield per tree was
recorded in trees sprayed with 200 mg·L−1 nSi at 100% IWR, while the lowest yield was
recorded in the control trees. In the 2021 season, total yield increased with increased
nSi concentration, regardless of the water stress level, with the exception of trees that
received 80% IWR. Like the first season, the highest yield was recorded in trees sprayed
with 200 mg·L−1 nSi at 100% IWR, and the lowest for the control. In addition, trees that
received 200 mg·L−1 nSi at 80% IWR showed an improved yield when compared to those
that received 150 mg·L−1 nSi at 80% IWR. Results suggest that nSi application increased
‘Kalamata’ olive yield when trees were stressed.
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Figure 1. Effect of foliar sprayed nano-silicon (nSi) under different irrigation regimes on the yield (a),
fruit weight (b) and fruit drop (c) of ‘Kalamata’ olive trees during the 2020 and 2021 seasons (n = 10).
Means with similar letters for each season are not significantly different, using Duncan’s multiple
range test (DMRT) at p ≤ 0.05. Error bars represent the standard error of the means.
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2.2. Fruit Weight

Unlike total yield, average fruit weight was the highest at 100% or 90% IWR with the
application of either 150 or 200 mg·L−1 nSi (Figure 1b) during the 2020 season. Average
fruit weight was the least at 80% IWR combined with either 150 or 200 mg·L−1 nSi; however,
fruit were still heavier than those that were not sprayed with nSi, regardless of the water
regime. During the 2021 season, the highest fruit weight was recorded at 100% IWR,
combined with 200 mg·L−1 nSi. At the same concentration, fruit weight decreased as
water stress severity increased. Similar fruit weight was noticed at 100% or 90% IWR in
combination with either distilled water or 150 mg·L−1 nSi.

2.3. Fruit Drop

The more severe the drought condition was, the higher percentage the fruit drop was
at either distilled water or 150 mg·L−1 nSi spray during the 2020 season (Figure 1c). The
lowest fruit drop was noticed at 200 mg·L−1 nSi for non-stressed trees. Increasing the
concentration of nSi to 200 mg·L−1 nSi under drought stress conditions (either 90% or 80%
IWR) reduced fruit drop in comparison to the control. Increased fruit drop percentages
with the application of 150 mg·L−1 at 80% IWR, compared to that at 90% IWR indicated
that plant nSi was not that effective during the severe drought. However, the application of
200 mg·L−1 nSi was more effective at 80% IWR during the first season only.

2.4. Biochemical Characteristics
2.4.1. Total Chlorophyll

Results indicated that generally, the higher the nSi concentration, the higher the
leaf chlorophyll content was, regardless of the drought severity in both the 2020 and 2021
seasons. However, the difference between nSi (150 mg·L−1) at 90% IWR and the non-treated
plants at any irrigation level was insignificant (Figure 2a). Similar results were noticed in
both seasons; however, chlorophyll content was significantly decreased in trees received
200 mg·L−1 nSi at 80% IWR compared to the nonstressed ones during the second season.

2.4.2. Proline

As osmoprotectant, proline increased with the increased levels of water stress. Unlike
chlorophyll, leaf proline generally decreased with increased concentrations of nSi at all
irrigation regimes during both seasons (Figure 2b). Trees subjected to 90% IWR and received
nSi (200 mg·L−1) were less stressed and had lower proline compared to those that received
150 mg·L−1 in both seasons confirming the role of nSi in mitigating the drought effects and
suggesting that irrigation at 80% IWR was really stressful for olive trees.

2.4.3. Soluble Sugars

Like proline, leaf soluble sugars generally increased with increased levels of wa-
ter stress, but they decreased with the increased concentrations of nSi in both seasons
(Figure 2c). Trees sprayed with 200 mg·L−1 nSi at 80% IWR showed more soluble sugars
than that of the control leaves during the first season, whereas they showed less soluble
sugars during the second season, suggesting a cumulative effect of drought and nSi ap-
plication from one season to another. nSi application mitigated the stress effect at 90%,
compared to 80% IWR, suggesting that 80% IWR was really stressful to olive trees under
the Egyptian semi-arid conditions.

2.5. Leaf Water Status and Membrane Damage Indicator
2.5.1. Relative Water Content (RWC)

The water contents of olive leaves were generally the highest in the control trees but
decreased gradually with the severity of drought during both seasons. The application
of nSi improved the RWC, which was the highest at 200 mg·L−1 (Figure 3a). The most
pronounced effect was recorded for non-stressed trees that received nSi (200 mg·L−1) in
both seasons. Relative water content (RWC) was negatively affected in response to nSi and
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water stress levels, in comparison to proline and soluble sugars. Results suggest that the
application of nSi 200 mg·L−1 effectively increased the leaf RWC of moderately stressed
plants compared to the control for both seasons.

Figure 2. Effect of foliar sprayed nano-silicon (nSi) under different irrigation regimes on the leaf
total chlorophyll (a), proline (b), and soluble sugars (c) of ‘Kalamata’ olive trees during the 2020
and 2021 seasons (n = 10). Means with similar letters for each season are not significantly different,
using Duncan’s multiple range test (DMRT) at p ≤ 0.05. Error bars represent the standard error of
the means.
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relative water content ‘RWC’ (a) and electrolyte leakage (b) of ‘Kalamata’ olive trees during the 2020
and 2021 seasons (n = 10). Means with similar letters for each season are not significantly different,
using Duncan’s multiple range test (DMRT) at p ≤ 0.05. Error bars represent the standard error of
the means.

2.5.2. Electrolyte Leakage

Like leaf proline and soluble sugar contents, the electrolyte leakage generally increased
with the severity of drought, but gradually decreased with increased concentrations of nSi
(Figure 3b). The most pronounced effect was recorded for trees sprayed with 200 mg·L−1

nSi at 100% IWR, followed by those at 90% IWR that were significantly different from non-
stressed trees that received 150 mg·L−1 nSi during the second season only. Trees sprayed
with 200 mg·L−1 nSi showed a significant reduction in electrolyte leakage compared to
those that received distilled water for both seasons, which may suggest a cumulative
nSi role.

2.6. Oxidative Stress Markers
2.6.1. Malondialdehyde (MDA)

The higher the plant stress level was, the higher the oxidative stress that the plant
faced, represented by the increased levels of lipid peroxidation and the production of
MDA, which significantly reduced with the increased nSi concentration (Figure 4a). With
regards to the stressed olive trees, the most pronounced reduction in MDA was recorded
for trees that received nSi (200 mg·L−1) at 90% IWR, followed by those at 80% IWR during
both seasons.
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Figure 4. Effect of foliar sprayed nano-silicon (nSi) under different irrigation regimes on the leaf
malondialdehyde ‘MDA’ (a), H2O2 (b), and abscisic acid ‘ABA’ (c) contents of ‘Kalamata’ olive
trees during the 2020 and 2021 seasons (n = 10). Means with similar letters for each season are not
significantly different, using Duncan’s multiple range test (DMRT) at p ≤ 0.05. Error bars represent
the standard error of the means.
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2.6.2. Hydrogen Peroxide (H2O2)

As another indicator of plant oxidative stress, H2O2 level increased significantly with
drought severity, but the application of nSi significantly decreased its levels compared
to the control, with the most conspicuous effect recorded at the highest nSi concentra-
tion (200 mg·L−1), followed by those that received 150 mg·L−1, for trees subjected to
90% and 80% IWR during both seasons (Figure 4b). Trees sprayed with nSi (200 mg·L−1) at
80% IWR had higher H2O2 than those at 90 and 100% IWR during both seasons, suggesting
that irrigation at 80% IWR was really stressful for olive trees.

2.6.3. Abscisic Acid (ABA)

The non-enzymatic antioxidant, ABA (Figure 4c), showed the same response as the
organic osmolytes, (e.g., proline, soluble sugars) (Figure 2b,c) to drought and nSi application
during both seasons. Plant response to stress, in terms of ABA biosynthesis, matched
the oxidative stress markers (MDA, H2O2) (Figure 4a,b) produced during both seasons.
Likewise, in other parameters, low ABA levels indicate less stressed trees. Thus, the most
effective treatments were the application of 200 mg·L−1, followed by 150 mg·L−1 nSi at
90% IWR, and then 200 mg·L−1, followed by 150 mg·L−1 nSi at 80% IWR, suggesting that
80% IWR was really stressful for olive trees under semi-arid conditions during both seasons.

3. Discussion

Silicon nanoparticles have been found to play an important role in a plant’s ability to
overcome the adverse effects of environmental stresses [12,69–72]. Several researchers have
reported the ability of nSi to improve a plant’s resistance to drought stress [29,73]. However,
this is the first time nSi has been sprayed on a mature woody plant to overcome water
stress. Other research work utilized nSiO2 to mitigate the drought effects on hawthorn
(Crataegus monogyna) seedlings [74], and Mahaleb cherry [48].

The increase in olive yield in response to water stress was not expected (Figure 1) and
contradicts the previous findings that indicated a negative effect on olive tree acclimation,
and thereby yield, fruit dry mass, and oil content [75]. The total yield was also influenced by
the percentage of fruit drop, which increased with the increased levels of water stress. Foliar
sprayed nSi decreased the percentage of fruit drop, and lower percentages were achieved
with the increase in nSi concentration (Figure 1). Trees’ response to nSi (150 mg·L−1), in
terms of yield, varied from one season to another, while those that received 200 mg·L−1

showed a consistent response between seasons with the highest yield recorded for non-
stressed trees, followed by those that received 90% IWR, and then trees at 80% IWR
(Figure 1). Trees sprayed with nSi showed higher yield values compared to the non-treated
stressed ones and the control. Foliar application of Si at tillering and anthesis stages
increased the grain yield of the stressed and non-stressed plants [76]. The reduction in
fruit weight, associated with increased fruit drop in stressed trees, resulted in reduced total
yield (Figure 1), and was reported to make some improvement in fruit composition and oil
quality [77–80]. However, average fruit weight was higher in nSi-treated trees (200 mg·L−1)
whether stressed or not during the 2020 season, while the treated trees at reduced water
levels produced heavier fruit than the non-treated stressed ones during the 2021 season,
suggesting that there is a positive role of nSi in combination with normal irrigation.

Water stress reduced the leaf’s relative water content (RWC) in both years, but the
application of nSi improved the RWC exponentially with increased concentration. Similar
results were reported on faba beans [53], wheat [70], plums [81], and olives [13,82]. In-
creased level of ABA-induced stomatal closure had eventually increased RWC [83]. Chloro-
phyll content was the best at 200 mg·L−1 nSi for both stressed (90% IWR) and non-stressed
trees during the 2021 season (Figure 2). Similar results were reported in faba bean, albeit a
reduction in chlorophyll content was noticed with drought conditions [52]. Ma et al. [84]
also reported that chlorophyll content in cucumber leaves decreased at moderate and
severe drought stress. This effect has been mitigated with Si spray, which contributed to
the protection of the chloroplasts. The variation in total chlorophyll content among the
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stressed faba bean [52], cucumber [83], and olive plants (Figure 2) could be attributed to
differences in species, genotype-specific traits, growth stage, the method and concentration
of nSi application, stress intensity and duration, and other environmental conditions [85].
The difference in chlorophyll content from one season to another could be due to the
pre-exposure to stress that eventually improved the plant’s acclimation [86].

Photosynthesis is needed for biomass productivity. Thus, increased chlorophyll con-
tent should also increase the photosynthetic capacity, as measured by leaf total soluble
sugars [87], which unexpectedly decreased. However, chlorophyll contents increased with
an increase in the levels of nSi and drought (Figure 2), perhaps due to an increase in leaf
RWC (Figure 3). Iron oxide nanoparticles resulted in accumulated soluble sugar contents
when plants were drought-stressed. However, iron also stimulates the redox process and
chlorophyll biosynthesis in plants, thus should have helped to increase leaf chlorophyll
and soluble sugar contents [88,89]. Similar results were reported in stressed cotton plants,
but the used nSi concentration that resulted in the highest soluble sugar contents was 3200
mg·L−1 [90]; about 16-fold of what has been used in the present study.

Drought stress in olives is often associated with increased cellular levels of oxidative
stress markers of lipids such as MDA and H2O2 [6]. When an imbalance between reactive
oxygen species (ROS) production and the antioxidant defense system occurs, increased
cellular membrane damage and electrolyte leakage occur [53,83]. It was also reported that
when drought-stressed olive trees were re-watered, they still exhibited higher levels of
H2O2, suggesting that this drought/wet rhythm is a possible means to keep the plant’s
antioxidative system on alert. It was reported that the enhanced level of H2O2 in drought-
stressed leaves was accompanied by enhanced levels of MDA and electrolyte leakage [56].
In the current study, the content of H2O2 increased massively only when trees were sub-
jected to 80% IWR (Figure 4), indicating that 90% IWR was mild water stress for olives,
and the antioxidant defense system is little affected [91] since Kalamata olive is generally a
drought-tolerant plant [5]. Trees sprayed with high nSi (200 mg·L−1) had lower leaf H2O2
when subjected to 80% IWR level (Figure 4), suggesting that the higher concentration of nSi
was better at alleviating the H2O2-plant response to drought. Similar results were reported
with soil application of nSi on drought-stressed barley seedlings [92]. In the current study,
the electrolyte leakage (Figure 3) and MDA levels (Figure 4) also increased in response to
water stress but decreased with increased nSi concentrations, which confirms the previous
findings [93,94].

Proline has been described as an osmoprotectant that accumulates in response to
abiotic stresses [95] and plays an essential role in the defense mechanisms of stressed
plants through changes in key anatomical features of roots and leaves, the osmotic reg-
ulation of the cell sap, membrane and protein stability, enhanced enzyme activity, and
scavenging the free radicals [96–98]. Enhanced endogenous proline levels improved leaf
chlorophyll content, yield, fruit weight and diameter, and total soluble sugars (TSS) of
non-stressed pomegranate [99] and orange [100], as well as salt-stressed mango [34] and
tomato plants [101]. Leaf proline concentration increased with the severity of drought
stress but decreased with elevated nSi concentrations (Figure 2). Increased levels of water
deficit improved the biosynthesis of proline in castor bean, while foliar sprayed chitosan
nanoparticles had no effect [102]. Additionally, higher concentrations of nFe mitigated the
stress effects and reduced the accumulation of proline in drought-stressed wheat plants [88].
The difference in proline accumulation levels in the current study (Figure 2), compared
to the previous findings could be due to the difference in water stress levels, as well as
differences between wheat as an herbaceous plant and olive as a woody plant, as previously
indicated [85]. However, the current results in Figure 2 contradict the previously reported
findings on drought-stressed faba bean [30] and wheat [73].

The concentration of ABA increased with increased water stress levels, but decreased
with increased concentration of nSi in both seasons (Figure 4), confirming the previous
findings on wheat [103]. It was reported that the combined application of Si, B, Zn, and
zeolite nanoparticles decreased the production of ABA in tomatoes under drought condi-
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tions [104]. Drought often leads to the formation of ROS, (e.g., H2O2, superoxide radical
[O.–

2], singlet oxygen [1O2], and hydroxyl radicals [OH]), which are highly toxic and can
react with proteins, lipids, and DNA, accelerating the aging process of chloroplasts, thus
reducing photosynthetic capacity and decreasing plant growth and productivity [105].
Abiotic environmental stresses affect the plant through osmotic stress. Cell homeostasis
is maintained against osmotic stress by the mechanism of osmotic adjustment, which is
a primary stress-adaptive motor that positively correlates with plant production under
drought conditions in various crops [106]. The mechanism of osmotic adjustment leads
to the synthesis of organic osmolytes, (e.g., sugars, proline) [107], non-enzymatic antiox-
idants, (e.g., ascorbate, glutathione), and enzymatic (scavenger enzymes) antioxidants,
(e.g., SOD, CAT, POD) [108] to balance the osmotic pressure of the cytosol and vacuole
with that of the external environment [109]. The biosynthesis of ABA usually occurs in
the roots under drought conditions and can increase up to 50 times, which is considered
the highest change in any phytohormones under such conditions [110]. The ABA con-
centration has been shown to promote root growth and adjust shoot growth [83,111] via
the regulation of transpiration and photosynthesis, as well as its potent effect on the pro-
duction of primary and secondary metabolites, antioxidant enzymes, and lipoxygenase
inhibitory activity [112–114]. A cross-talk mechanism between Ca+2 and ROS that orig-
inates from NADPH-oxidase in the ABA-induced antioxidant defense in the plant was
also reported [115]. The role of ABA on sugar contents came through the accumulation
of assimilates from the phloem into the fruit by strengthening sink capacity [116,117]. On
the other hand, an increase in ABA has been reported as an indicator of the beginning of
fruit senescence [118]. It was reported that the increased levels of ABA under drought
conditions may trigger ethylene production, which promotes the activity of hydrolytic
enzymes, such as endo-beta-glucan, cellulase, and polygalacturonase at the abscission zone
of the fruit petiole inducing preharvest fruit abscission [119–121].

Overall, it could be said that the foliar application of nSi at 200 mg·L−1 followed by
150 mg·L−1 was effective in alleviating moderate drought effects (90% IWR) in ‘Kalamata’
olive trees compared to severe drought (80% IWR). During severe drought at 80% IWR,
the tree’s yield and average fruit weight reduced whilst fruit drop, along with levels of
osmoprotectants increased with more membrane damage. The results of this study suggest
that ‘Kalamata’ olive trees were severely stressed at 80% IWR compared to 90% IWR
reinforcing its classification as drought sensitive [4] compared to most olive cultivars that
are classified as drought tolerant [5].

4. Materials and Methods
4.1. Experiment

This research was carried out on nine-year-old ‘Kalamata’ olive trees (Olea europaea L.)
grown in sandy soil in a private orchard located at Wadi El-Natrun, Beheira Governorate
(30◦46′98′ ′ N, 30◦27′43′ ′ E, 23 m below the Mediterranean Sea level and 38 m below the
Nile River), Egypt, during the 2020 and 2021 seasons. Ninety trees planted at a 6 m × 6 m
spacing, similar in vigor and size, free from any symptoms of physiological disorders
or nutrient deficiencies, were chosen for this experiment. Trees were subjected to drip
irrigation from deep groundwater well and received other agricultural practices as the
entire orchard during both seasons. Soil and water analysis were performed according to
the methods described by Wilde et al. [122] and displayed in Table 1.

Irrigation treatments started in spring by full bloom (≈mid-March) and ceased at
harvest by fall (≈late October). Trees were subjected to deficit irrigation based on differences
in crop evapotranspiration (ETc), and three irrigation treatments–100% (control), 90%,
and 80%–were used. The percentage of ETc was calculated based on the reference crop
evapotranspiration (ETo) [mm·day−1] that is presented in Table 2 and crop coefficient factor
(Kc) of olive, as suggested [123], using the following equations:

ETc = ETo × Kc (1)
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Table 1. Soil and water analysis of the experimental site.

Soil (0–40 cm) Water

pH 8.22 7.01
Sand (%) 92.0 –
Silt (%) 5.0 –

Clay (%) 3.0 –
EC (dS/m) 1.82 1.56
CaCO3 (%) 3.4 –

Ca2+ (meq·100 g−1) 8.6 9.4
Mg2+ (meq·100 g−1) 3.2 4.3
Na+ (meq·100 g−1) 6.9 9.80
K+ (meq·100 g−1) 1.5 0.22
Cl− (meq·100 g−1) 8.2 6.46

SO4
2– (meq·100 g−1) 6.4 14.3

CO3– (meq·100 g−1) 0.0 –
HCO3– (meq·100 g−1) 5.6 3.0

Table 2. Average meteorological data of Wadi El Natrun area (2020 and 2021), source: own elaboration.

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Temp. mean Max (◦C) 20.7 25.5 25.7 27.1 32.9 33.8 34.8 34.9 32.8 28 23.2 20.7
Temp. mean Min (◦C) 9.1 8.98 11.1 13.7 16.7 19.5 20.2 22.7 20.2 17 10 9.3

Temp. average (◦C) 14.9 17.24 19.4 20.4 24.3 26.65 27.45 28.5 26.4 23.4 20.05 15
Relative humidity (%) 65.1 62.5 62.56 58 58.1 59.2 58.8 59.9 63.1 62 65.1 65.2

Evaporation
(mm·day−1) 6.2 7.7 9.8 12.5 13.8 15 14.3 12.7 10.5 8.6 6.1 5.1

ETo (mm·day−1) 2.80 3.30 4.0 4.80 5.30 5.80 6.10 5.40 4.40 3.10 3.02 2.90

Irrigation water requirements (IWR) for each irrigation regime (m3·ha−1·season−1) dur-
ing the entire season were determined using the following equation:

IWR = (A × ETc × Ii × Kr)/(Ea × 1000 (1 − LR)) (2)

where ETC expressed as m3·ha−1 per irrigation time, A = cultivated area (ha), ETc = crop
evapotranspiration, Ii = irrigation interval (day), Kr = reduction factor, Ea = irrigation
efficiency, LR = leaching requirement = 10% of the total water amount delivered to
the treatment.

The reduction factor was determined by the following equation:

Kr = (0.10 + GC) ≤ 1 (3)

where GC = the ground cover.
The leaching requirements (LR) were estimated according to the following equation:

LR = ECw/2ECe max (4)

where ECw = the electrical conductivity of the irrigation water (dS·m−1), 2ECe max = the
maximum electrical conductivity of the soil saturated extract for a given crop.

The number of irrigation times varied among the three treatments with a frequency of
1–5 irrigation times per week, based on weather conditions (Table 2) and soil water content
that was monitored weekly using soil tensiometer Model 64xx series (Spectrum Technolo-
gies Inc., Aurora, IL, USA). Two lateral lines of irrigation pipes (one on each side of the
trees row) with 10 drippers per tree (8 L·h−1·dripper−1) were used for the control treatment
(100% IWR), whereas 9 and 8 drippers were used for the 90% and 80% IWR treatments,
which represent a total of 7007.14, 6306.43 and 5605.71 m3·ha−1·season−1, respectively.
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Foliar spray with nanoparticle chelate fertilizer of silicon (nSi = 5–15 nm) (Sigma-
Aldrich, St. Louis, MO, USA) at 150 and 200 mg·L−1, supplemented with Tween 20 as a
surfactant (Sigma-Aldrich, St. Louis, MO, USA), was applied three times; by the onset of
the vegetative growth in spring (≈late February), at full bloom (≈mid-March), and at fruit
set (≈early April). Control trees were also sprayed at the same times with distilled water,
supplemented with Tween 20 to avoid any effects between the treatments and the control,
which could be related to the surfactant. Every tree received about 15 liters of the spray
solution until dripping during the early morning period.

4.2. Yield and Average Fruit Weight

Total yield (kg·tree−1) was recorded by harvest time in late October, and average
fruit weight (g) was determined by weighing 90 randomly selected fruit samples from
each replicate using a bench-top digital scale Model PC-500 (Doran scales, Inc., Batavia,
IL, USA).

4.3. Fruit Drop

Fruit drop percentage was estimated per tree by randomly selecting four branches
from the four directions (N, E, S, and W), and then branches were wrapped using net bags,
and dropped fruit were collected and counted every 15 days until harvest. The number of
the remaining fruit on the branches was recorded by the last observation time. The fruit
drop percentage was calculated using the following equation:

Fruit drop (%) = [(Initial fruit number − Final fruit number)/Initial fruit number] × 100 (5)

4.4. Leaf Analysis

By the end of each harvest season, a sample of 50 mid-branch leaves was randomly
collected, from the four directions (N, E, S, and W) and three levels (top, medium, and
bottom) of the tree, for leaf analysis. All used chemicals were imported from Sigma-Aldrich,
St. Louis, MO, USA.

Leaf chloroplasts were extracted in 85% acetone solution, and the absorbance of the
aqueous phase of the extracted solution was estimated using a spectrophotometer Model
UV-120-20 (Shimadzu, Kyoto, Japan) at λ = 663 and 645 nm [124]. Total chlorophyll was
then calculated using the following equation:

Total chlorophyll (mg·100 g−1 fw) = [(20.2 × OD 645 nm + 8.02 × OD 663 nm) × V]/(fw × 1000) (6)

where: OD = optical density, V = the final volume of the solution (mL), and fw = tissue
fresh weight (g).

Leaf proline (mg·100 g−1 fw) was extracted using 0.5 g of young leaves with sulfuric
acid (3%), and the solution was quantified using ninhydrin reagent [125]. The solution was
then mixed with toluene, and the absorbance of the toluene phase of the extracted solution
was determined using the spectrophotometer at 520 nm.

The concentration of the soluble sugars (mg·100 g−1 fw) was determined using dried
leaf samples [126]. Every dried leaf sample (150 mg) was extracted twice with 80% ethanol
and centrifuged at 3500 rpm for 10 min and the volume of the supernatant was adjusted
to 25 mL. The supernatant (1 mL) was then transferred to a test tube with the addition
of 1 mL phenol (18%) and 5 mL sulfuric acid, and the mixture was shaken. The ab-
sorbance of the aqueous phase of the extracted solution was recorded at 490 nm using
the spectrophotometer.

The RWC of the leaf was estimated using a fresh leaf sample (0.2 g) incubated in
distilled water (50 mL) for 4 h. The turgid weight of the leaf sample was calculated, and
then the sample was oven-dried at 60 ◦C for 48 h, followed by the determination of the dry
weight [124]. Leaf RWC was calculated using the following equation:

RWC (%) = [(FW − DW)/(TW − DW)] × 100 (7)
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where FW, DW, and TW = fresh, dry, and turgid weights, respectively.
Ten discs per leaf (0.5 cm diameter) were collected from ten freshly expanded leaves

and used to determine the electrolyte leakage of the membrane [124]. Leaf discs were
washed three times with deionized water to remove dust, and then kept in closed tubes con-
taining 10 mL of deionized water and shook for 30 min using a lab shaker, Model Bioshake
3000-T (Kobenhavn, NV, Danmark), and left in a dark at room temperature (≈22–23 ◦C)
for 24 h. The initial electrical conductivity of the solution (EC1) was determined using an
electrical conductivity meter, Model HI9032 (Hanna Instruments, Woonsocket, RI, USA).
Samples were then kept in a ‘Precision TM General Purpose’ water bath (ThermoFisher
Scientific, Waltham, MA, USA) at 80 ◦C for 20 min to release all endogenous electrolytes.
Afterward, the solution was cooled down to 25 ◦C, its final electrical conductivity (EC2)
was estimated, and the percentage of EL was calculated using the following equation:

EL (%) = (EC1/EC2) × 100 (8)

Lipid peroxidation of the membrane was determined with MDA concentration
(µmol·mg−1 fw) using the thiobarbituric acid reactive substance assay (TBARS) [127]. A
fresh leaf sample (100 mg) was extracted in 1% trichloroacetic acid (TCA) and then cen-
trifuged for 10 min at 10,000× g using a benchtop general purpose centrifuge Model Allegra
V-15R (Beckman Coulter Life Sciences, Indianapolis, IN, USA). The supernatant (1 mL) was
mixed with 4 mL Thiobarbituric acid (TBA) [0.5%], heated for 30 min at 95 ◦C, and then
cooled in an ice bath, followed by centrifugation at 5000× g for 5 min. The absorbance
of the aqueous phase of the extracted solution was recorded at 532 and 600 nm using the
spectrophotometer.

The non-radical H2O2 (nmol·g−1 fw) was determined by homogenizing a fresh leaf
sample (100 mg) in 0.1% trichloroacetic acid (TCA). The homogenate was centrifuged at
12,000× g for 15 min, and a sample of the supernatant (0.5 mL) was mixed with 0.5 mL
potassium phosphate buffer (10 mM, pH 7.0) and 1 mL potassium iodide (1 M). The
absorbance of the aqueous phase of the extracted solution was recorded at 390 nm using
the spectrophotometer, and a standard curve was used to calculate H2O2 content [128].

Leaf ABA content (ng·g−1 fw) was determined according to Koshioka et al. [129]
using high-performance liquid chromatography (M5 Microflow HPLC system; SCIEX,
Framingham, MA, USA).

4.5. Experimental Design and Statistical Analysis

The experimental design was in a randomized complete block system, as a split-plot
experiment of three nano-silicon concentrations (main plots) and three irrigation regimes
(sub-plots); a total of nine treatments, 10 replicates each. Each replicate was represented by
one tree [130].

Data were analyzed using CoStat—Statistics Software (version 4.20) [131]. Data were
first run for numerical normality and homogeneity of variance using the Shapiro–Wilk’s
and Levene’s tests, respectively, and then the analysis of variance was performed, and
means were compared using Duncan’s multiple range tests (DMRT) at p ≤ 0.05. Standard
error bars were also added for mean comparisons in the figures [132,133].

5. Conclusions

Imposing water stress on a drought-sensitive ‘Kalamata’ olive trees induced oxidative
stress, which was expressed as elevated H2O2, MDA, and electrolyte leakage with an
increased fruit drop. The application of nSi generally improved fruit yield, fruit weight,
leaf total chlorophyll, and RWC, and lowered fruit drop, leaf proline, soluble sugars, H2O2,
electrolyte leakage, and ABA, with a more pronounced effect at moderate water stress
(90% IWR). Increasing the nSi foliar concentration from 150 to 200 mg·L−1 improved the
morphological, physiological, and biochemical characteristics of the olive trees, resulting
in improved growth, development, and productivity under semi-arid conditions. Future
research could study the molecular basis of olive defense mechanisms to enhance the
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drought tolerance of the ‘Kalamata’ cultivar in order to withstand more severe drought
conditions, like other olive cultivars, amid the global water scarcity. Future research could
also explore the cold tolerance mechanisms of this cultivar.
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28. Tadina, N.; Germ, M.; Kreft, I.; Breznik, B.; Gaberščik, A. Effects of water deficit and selenium on common buckwheat (Fagopyrum
esculentum Moench.) plants. Photosynthetica 2007, 45, 472–476. [CrossRef]

29. Djanaguiraman, M.; Prasad, P.V.; Seppanen, M. Selenium protects sorghum leaves from oxidative damage under high temperature
stress by enhancing antioxidant defense system. Plant Physiol. Biochem. 2010, 48, 999–1007. [CrossRef] [PubMed]

30. Islam, F.H.; Abou Leila, B.; Gaballah, M.E.L.; Wakeel, H. Effect of antioxidants on Citrus leaf anatomical structure grown under
saline irrigation water. Plant Arch. 2019, 19, 840–845.

31. Ahmadipour, S.; Arji, I.; Ebadi, A.; Abdossi, V. Physiological and biochemical responses of some olive cultivars (Olea europaea L.)
to water stress. Cell. Molec. Biol. 2018, 64, 20–29. [CrossRef]

32. Boughalleb, F.; Hajlaoui, H. Physiological and anatomical changes induced by drought in two olive cultivars (cv Zalmati and
Chemlali). Acta Physiol Plant 2011, 33, 53–65. [CrossRef]

33. Fernandez, V.; Sotiropoulos, T.; Brown, P.H. Foliar Fertilization: Scientific Principles and Field Practices, 1st ed.; International Fertilizer
Industry Association (IFA): Paris, France, 2013; p. 140.

34. Elsheery, N.I.; Helaly, M.N.; El-Hoseiny, H.M.; Alam-Eldein, S.M. Zinc oxide and silicon nanoparticles to improve the resistance
mechanism and annual productivity of salt-stressed mango trees. Agronomy 2020, 10, 558. [CrossRef]

35. Regni, L.; Del Buono, D.; Micheli, M.; Facchin, S.L.; Tolisano, C.; Proietti, P. Effects of Biogenic ZnO Nanoparticles on Growth,
Physiological, Biochemical Traits and Antioxidants on Olive Tree In Vitro. Horticulturae 2022, 8, 161. [CrossRef]

36. Zahedi, S.M.; Hosseini, M.S.; Meybodi, N.D.H.; da Silva, J.A.T. Foliar application of selenium and nano-selenium affects
pomegranate (Punica granatum cv. Malase Saveh) fruit yield and quality. South Afr. J. Bot. 2019, 124, 350–358. [CrossRef]

37. Scott, N.; Chen, H. Nanoscale Science and Engineering for Agriculture and Food Systems. A Report Submitted to Cooperative State Research,
Education and Extension Service; National Planning Workshop, The United States Department of Agriculture (USDA): Washington,
DC, USA, 2003; p. 62. Available online: http://www.nseafs.cornel.edu/web.roadmap.pdf (accessed on 25 April 2022).

38. Mosanna, R.; Khalilvand, B.E. Morpho-physiological response of maize (Zea mays L.) to zinc nano-chelate foliar and soil
application at different growth stages. J. New Biol. Rep. 2015, 4, 46–50.

39. Boutchuen, A.; Zimmerman, D.; Aich, N.; Masud, A.M.; Arabshahi, A.; Palchoudhury, S. Increased Plant Growth with Hematite
Nanoparticle Fertilizer Drop and Determining Nanoparticle Uptake in Plants Using Multimodal Approach. J. Nanomater. 2019,
2019, 6890572. [CrossRef]

40. Helaly, M.N.; El-Hoseiny, H.; El-Sheery, N.I.; Rastogi, A.; Kalaji, H.M. Regulation and physiological role of silicon in alleviating
drought stress of mango. Plant Physiol. Biochem. 2017, 118, 31–44. [CrossRef] [PubMed]

41. Imtiaz, M.; Rizwan, M.S.; Mushtaq, M.A.; Ashraf, M.; Shahzad, S.M.; Yousaf, B.; Tu, S. Silicon occurrence, uptake, transport and
mechanisms of heavy metals, minerals and salinity enhanced tolerance in plants with future prospects: A review. J. Environ.
Manag. 2016, 183, 521–529. [CrossRef] [PubMed]

42. Ma, J.F.; Takahasi, E. Soil, Fertilizer, and Plant Silicon Research in Japan, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2002; p. 294.
43. Ma, J.F.; Miyake, Y.; Takahashi, E. Silicon as a beneficial element for crop plants. In Silicon in Agriculture. Studies in Plant Science, 8;

Datnoff, L.E., Snyder, G.H., Korndorfer, G.H., Eds.; Elsevier: Amsterdam, The Netherlands, 2001; pp. 17–39.
44. Laane, H.-M. The Effects of Foliar Sprays with Different Silicon Compounds. Plants 2018, 7, 45. [CrossRef] [PubMed]
45. Sivanesan, I.; Park, S.W. The role of silicon in plant tissue culture. Front. Plant Sci. 2014, 5, 571. [CrossRef]
46. Artyszak, A. Effect of Silicon Fertilization on Crop Yield Quantity and Quality—A Literature Review in Europe. Plants 2018, 7, 54.

[CrossRef]

http://doi.org/10.1016/j.scienta.2016.07.008
http://doi.org/10.1007/s13593-021-00671-6
http://doi.org/10.17660/ActaHortic.2011.888.16
http://doi.org/10.5194/hess-12-293-2008
http://doi.org/10.1016/j.envexpbot.2009.07.006
http://doi.org/10.1139/cjps-2015-0260
http://doi.org/10.1038/s41598-017-03162-5
http://doi.org/10.3923/ajps.2003.116.118
http://doi.org/10.1007/s11099-007-0080-7
http://doi.org/10.1016/j.plaphy.2010.09.009
http://www.ncbi.nlm.nih.gov/pubmed/20951054
http://doi.org/10.14715/cmb/2017.64.15.4
http://doi.org/10.1007/s11738-010-0516-8
http://doi.org/10.3390/agronomy10040558
http://doi.org/10.3390/horticulturae8020161
http://doi.org/10.1016/j.sajb.2019.05.019
http://www.nseafs.cornel.edu/web.roadmap.pdf
http://doi.org/10.1155/2019/6890572
http://doi.org/10.1016/j.plaphy.2017.05.021
http://www.ncbi.nlm.nih.gov/pubmed/28603082
http://doi.org/10.1016/j.jenvman.2016.09.009
http://www.ncbi.nlm.nih.gov/pubmed/27623366
http://doi.org/10.3390/plants7020045
http://www.ncbi.nlm.nih.gov/pubmed/29880766
http://doi.org/10.3389/fpls.2014.00571
http://doi.org/10.3390/plants7030054


Plants 2022, 11, 1561 17 of 21

47. Balakhnina, T.; Borkowska, A. Effects of silicon on plant resistance to environmental stresses: Review. Int. Agrophys. 2013, 27,
225–232. [CrossRef]

48. Ashkavand, P.; Zarafshar, M.; Tabari, M.; Mirzaie, J.; Nikpour, A.; Bordbar, S.K.; Struve, D.; Striker, G.G. Application of SiO2
nanoparticles as pretreatment alleviates the impact of drought on the physiological performance of Prunus mahaleb L. (Rosaceae).
Bol. Soc. Argent. Bot. 2018, 53, 207–219. [CrossRef]

49. Behboudi, F.; Tahmasebi Sarvestani, Z.; Kassaee, M.Z.; Modares Sanavi, S.; Sorooshzadeh, A. Improving growth and yield of
wheat under drought stress via application of SiO2 nanoparticles. J. Agric. Sci. Technol. 2018, 20, 1479–1492.

50. Avestan, S.; Ghasemnezhad, M.; Esfahani, M.; Byrt, C.S. Application of nano-silicon dioxide improves salt stress tolerance in
strawberry plants. Agronomy 2019, 9, 246. [CrossRef]

51. Hellala, F.; Amerb, A.K.; El-Sayeda, S.; El-Azab, K. Mitigation The negative effect of water stress on barley by nano silica
application. Plant Arch. 2020, 20, 3224–3231.

52. Desoky, E.-S.M.; Mansour, E.; El-Sobky, E.-S.E.; Abdul-Hamid, M.I.; Taha, T.F.; Elakkad, H.A.; Arnaout, S.M.; Eid, R.S.;
El-Tarabily, K.A.; Yasin, M.A. Physio-biochemical and agronomic responses of faba beans to exogenously applied nano-silicon
under drought stress conditions. Front. Plant. Sci. 2021, 12, 637783. [CrossRef] [PubMed]

53. Bayati, P.; Karimmojeni, H.; Razmjoo, J.; Pucci, M.; Abate, G.; Baldwin, T.C.; Mastinu, A. Physiological, Biochemical, and
Agronomic Trait Responses of Nigella sativa Genotypes to Water Stress. Horticulturae 2022, 8, 193. [CrossRef]

54. Elsheery, N.I.; Sunoj, V.; Wen, Y.; Zhu, J.; Muralidharan, G.; Cao, K. Foliar application of nanoparticles mitigates the chilling effect
on photosynthesis and photoprotection in sugarcane. Plant Physiol. Biochem. 2020, 149, 50–60. [CrossRef]

55. Khot, L.R.; Sankaran, S.; Maja, J.M.; Ehsani, R.; Schuster, E.W. Applications of nanomaterials in agricultural production and crop
protection: A review. Crop Protec. 2012, 35, 64–70. [CrossRef]

56. Matussin, S.; Harunsani, M.H.; Tan, A.L.; Khan, M.M. Plant-extract-mediated SnO2 nanoparticles: Synthesis and applications.
ACS Sustain. Chem. Eng. 2020, 8, 3040–3054. [CrossRef]

57. El-Dengawy, E.; EL-Abbasy, U.; El-Gobba, M.H. Influence of nano-silicon treatment on growth behavior of ‘Sukkary’and
‘Gahrawy’mango root-stocks under salinity stress. J. Plant Prod. 2021, 12, 49–61.

58. Al-Wasfy, M.M. Response of Sakkoti date palms to foliar application of royal jelly, silicon and vitamins B. J. Amer. Sci. 2013, 9,
315–321.

59. Zhang, W.; Xie, Z.; Wang, L.; Li, M.; Lang, D.; Zhang, X. Silicon alleviates salt and drought stress of Glycyrrhiza uralensis seedling
by altering antioxidant metabolism and osmotic adjustment. J. Plant. Res. 2017, 130, 611–624. [CrossRef]

60. Ismail, L.M.; Soliman, M.I.; Abd El-Aziz, M.H.; Abdel-Aziz, H.M. Impact of Silica Ions and Nano Silica on Growth and
Productivity of Pea Plants under Salinity Stress. Plants 2022, 11, 494. [CrossRef]

61. Mahmoud, L.M.; Dutt, M.; Shalan, A.M.; El-Kady, M.E.; El-Boray, M.S.; Shabana, Y.M.; Grosser, J.W. Silicon nanoparticles mitigate
oxidative stress of in vitro-derived banana (Musa acuminata ‘Grand Nain’) under simulated water deficit or salinity stress. S. Afr.
J. Bot. 2020, 132, 155–163. [CrossRef]

62. Molahoseini, H.; Feizian, M.; Mehdi Pour, E.; Davazdah Emami, S. Investigating the Effect of Coated Nanosilicon Oxide with
Humic Acid on Yield, Ion Composition and Salinity Tolerance of Black Cumin (Nigella sativa L.). Iran. J. Soil Water Res. 2020, 51,
2711–2723.

63. Muhammad, H.M.D.; Abbas, A.; Ahmad, R. Fascinating Role of Silicon Nanoparticles to Mitigate Adverse Effects of Salinity in
Fruit Trees: A Mechanistic Approach. Silicon 2022, 9, 1–8. [CrossRef]

64. Andreotti, C.; Rouphael, Y.; Colla, G.; Basile, B. Rate and Timing of Application of Biostimulant Substances to Enhance Fruit Tree
Tolerance toward Environmental Stresses and Fruit Quality. Agronomy 2022, 12, 603. [CrossRef]

65. Attia, E.A.; Elhawat, N. Combined foliar and soil application of silica nanoparticles enhances the growth, flowering period and
flower characteristics of marigold (Tagetes erecta L.). Sci. Hortic. 2021, 282, 110015. [CrossRef]

66. González-García, Y.; Cárdenas-Álvarez, C.; Cadenas-Pliego, G.; Benavides-Mendoza, A.; Cabrera-de-la-Fuente, M.;
Sandoval-Rangel, A.; Valdés-Reyna, J.; Juárez-Maldonado, A. Effect of three nanoparticles (Se, Si and Cu) on the bioac-
tive compounds of bell pepper fruits under saline stress. Plants 2021, 10, 217. [CrossRef] [PubMed]

67. González-Moscoso, M.; Martínez-Villegas, N.V.; Cadenas-Pliego, G.; Benavides-Mendoza, A.; Rivera-Cruz, M.d.C.;
González-Morales, S.; Juárez-Maldonado, A. Impact of silicon nanoparticles on the antioxidant compounds of tomato
fruits stressed by arsenic. Foods 2019, 8, 612. [CrossRef]

68. Mahmoud, L.M.; Shalan, A.M.; El-Boray, M.S.; Vincent, C.I.; El-Kady, M.E.; Grosser, J.W.; Dutt, M. Application of silicon
nanoparticles enhances oxidative stress tolerance in salt stressed ‘Valencia’ sweet orange plants. Sci. Hortic. 2022, 295, 110856.
[CrossRef]

69. Hussain, A.; Rizwan, M.; Ali, Q.; Ali, S. Seed priming with silicon nanoparticles improved the biomass and yield while reduced
the oxidative stress and cadmium concentration in wheat grains. Environ. Sci. Pollut. Res. 2019, 26, 7579–7588. [CrossRef]

70. Fatemi, H.; Esmaiel Pour, B.; Rizwan, M. Foliar application of silicon nanoparticles affected the growth, vitamin C, flavonoid, and
antioxidant enzyme activities of coriander (Coriandrum sativum L.) plants grown in lead (Pb)-spiked soil. Environ. Sci. Pollut. Res.
2021, 28, 1417–1425. [CrossRef]

71. Hassan, I.F.; Gaballah, M.S.; Ogbaga, C.C.; Murad, S.A.; Brysiewicz, A.; Bakr, B.M.; Mira, A.; Alam-Eldein, S.M. Does melatonin
improve the yield attributes of field-droughted banana under Egyptian semi-arid conditions? J. Water Land Dev. 2022, 52, 221–231.

http://doi.org/10.2478/v10247-012-0089-4
http://doi.org/10.31055/1851.2372.v53.n2.20578
http://doi.org/10.3390/agronomy9050246
http://doi.org/10.3389/fpls.2021.637783
http://www.ncbi.nlm.nih.gov/pubmed/34603344
http://doi.org/10.3390/horticulturae8030193
http://doi.org/10.1016/j.plaphy.2020.01.035
http://doi.org/10.1016/j.cropro.2012.01.007
http://doi.org/10.1021/acssuschemeng.9b06398
http://doi.org/10.1007/s10265-017-0927-3
http://doi.org/10.3390/plants11040494
http://doi.org/10.1016/j.sajb.2020.04.027
http://doi.org/10.1007/s12633-021-01604-4
http://doi.org/10.3390/agronomy12030603
http://doi.org/10.1016/j.scienta.2021.110015
http://doi.org/10.3390/plants10020217
http://www.ncbi.nlm.nih.gov/pubmed/33498692
http://doi.org/10.3390/foods8120612
http://doi.org/10.1016/j.scienta.2021.110856
http://doi.org/10.1007/s11356-019-04210-5
http://doi.org/10.1007/s11356-020-10549-x


Plants 2022, 11, 1561 18 of 21

72. Helaly, M.N.; El-Hoseiny, H.M.; Elsheery, N.I.; Kalaji, H.M.; Santos-Villalobos, S.d.l.; Wróbel, J.; Hassan, I.F.; Gaballah, M.S.;
Abdelrhman, L.A.; Mira, A.M. 5-Aminolevulinic acid and 24-epibrassinolide improve the drought stress resilience and productiv-
ity of banana plants. Plants 2022, 11, 743. [CrossRef] [PubMed]

73. Abdallah, D.B.; Tounsi, S.; Gharsallah, H.; Hammami, A.; Frikha-Gargouri, O. Lipopeptides from Bacillus amyloliquefaciens
strain 32a as promising biocontrol compounds against the plant pathogen Agrobacterium tumefaciens. Environ. Sci. Pollut. Res.
2018, 25, 36518–36529. [CrossRef] [PubMed]

74. Ashkavand, P.; Tabari, M.; Zarafshar, M.; Tomásková, I.; Struve, D. Effect of SiO2 nanoparticles on drought resistance in hawthorn
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