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Abstract: Drought stress deleteriously affects growth, development and productivity in plants. So,
we examined the silicon effect (2 mmol) and proline (10 mmol) individually or the combination
(Si + proline) in alleviating the harmful effect of drought on total phenolic compounds, reactive
oxygen species (ROS), chlorophyll concentration and antioxidant enzymes as well as yield parameters
of drought-stressed sugar beet plants during 2018/2019 and 2019/2020 seasons. Our findings
indicated that the root diameter and length (cm), root and shoot fresh weights (g plant−1) as well
as root and sugar yield significantly decreased in sugar beet plants under drought. Relative water
content (RWC), nitrogen (N), phosphorus (P) and potassium (K) contents and chlorophyll (Chl)
concentration considerably reduced in stressed sugar beet plants that compared with control in both
seasons. Nonetheless, lipid peroxidation (MDA), electrolyte leakage (EL), hydrogen peroxide (H2O2)
and superoxide (O2

•−) considerably elevated as signals of drought. Drought-stressed sugar beet
plants showed an increase in proline accumulation, total phenolic compounds and up-regulation of
antioxidant enzymes catalase (CAT) and superoxide dismutase (SOD) activity to mitigate drought
effects. Si and proline individually or the combination Si + proline considerably increased root and
sugar yield, sucrose%, Chl concentration and RWC, MDA and EL were remarkably reduced. The
treatments led to adjust proline and total phenolic compounds as well as CAT and SOD activity
in stressed sugar beet plants. We concluded that application of Si + proline under drought stress
led to improve the resistance of sugar beet by regulating of proline, antioxidant enzymes, phenolic
compounds and improving RWC, Chl concentration and Nitrogen, Phosphorus and Potassium (NPK)
contents as well as yield parameters.

Keywords: phenolic compounds; antioxidant enzymes; sugar beet; reactive oxygen species; drought

1. Introduction

Sugar beet is an important industrial sugar crop and one of the most significant crops
for sugar production, it is adjusted to the Egyptian environment and has an important
position in winter crop rotation in all kinds of soils. In Egypt the cultivated area during
2018/2019 season was 255,725.6 hectares producing about 12,247,170 tons [1]. Sugar beet
needs a shorter period of productivity and consumes less water than sugarcane [2,3]. Many
environmental stress factors affect the plant growth and productivity in various plants;
biotic factors [4–7], salinity [8–11], heat [12], drought stress [13–15]. Drought is one of
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the most harmful stresses which, threat agricultural production, under drought factor,
morphological characteristics such as leaves number, leaf area and stem length were de-
creased [16–18]. Electrolyte leakage (EL)%, lipid peroxidation (MDA) and reactive oxygen
species (ROS) were dramatically increased as indicators under drought conditions [19,20].
ROS normally exist in the plant cells with very low concentrations, but under abnormal
and stressful conditions, a high accumulation of ROS was observed [21–24]. Moreover,
Chl a, Chl b, relative water content (RWC) and yield components were decreased under
drought stress [17,18]. Drought causes a decrease in nutrient uptake from the root system
and translocation to the leaves [25], under such a situation, the metabolism is restricted and
finally decreased yield production [26]. In sugar beet, drought is the main reason for yield
losses because of the accumulation of ions and solutes [27,28]. Enzymatic activity such
as antioxidant enzymes catalase (CAT), superoxide dismutase (SOD) and non-enzymatic
antioxidants like carotene and ascorbic acid are elevated in stressed plants to scavenge ROS
and protect the cells from oxidative stress [29]. Under up-normal circumstances, plants
have adaptive mechanisms to acclimate with these harmful conditions during osmotic
adjustment, which improve water status and increase organic and nonorganic solutes,
consequently, mitigate the drought effects [30,31]. Plants usually have a protective and
defense system to alleviate oxidative stress by inducing phenolic and flavonoid compounds
under stress [32,33]. Phenolic compound accumulation has been recorded under stress in
many plants because of their positive role in alleviating the adverse effects in detoxifying
ROS under abiotic and biotic stresses [34]. Siracusa et al. [35] observed an increase in
polyphenolic and flavonoid compounds in buckwheat under drought stress. Drought
stress boosts vitamin C content, beta-carotene, total polyphenol content (TPC), total an-
tioxidant capacity (TAC) and total flavonoid content (TFC) in the Amaranthus plant [36].
Additionally, proline accumulation is extensively reported in drought-stressed plants and
under salinity conditions [9,37]. Proline is a very important amino acid and considered as
osmoregulators, playing an essential role in osmoregulation to mitigate the injurious impact
of stresses such as drought, consequently, improve growth and physiological characters
such as Chl concentration, RWC and yield production [16,38]. Exogenously application
of proline led to enhance plant growth under stress in calendula and barley plants and
alleviate the oxidative damage by reducing the harmful impact of ROS [9,38,39]. It has been
stated that under abiotic stress, proline application induces alterations at the structural
and ultrastructural levels in the stressed plants, such as improve plant root surface as a
strategy to deal with water and nutrient shortage [40]. Interestingly, the positive effect
of proline was observed in increased roots number and induced structural alterations
in stems and leaves in rice plant under salt stress [41], additionally, the application of
proline increased water relations and yield of sugar beet under water drought [42]. It is
well established that Si is an essential element in increasing drought stress tolerance and
alleviate the mineral nutrient shortage in plants [43]. Si application led to increase root and
shoot biomass of tomato [44] and barley plants [45] under drought and in pepper under
salinity [8]. Furthermore, Si causes an increase in chlorophyll content, RWC and postponed
leaf senescence [46], also, Si can improve the activities of some essential enzymes in rice
seedlings under salinity, which scavenge ROS [47] and decrease the oxidative stress of
arsenic (As) on wheat seedlings [48]. In this regard, Si may induce secondary metabolism
in plants mainly, phenolic compounds in the exposed plants to various stresses [49,50].
Silicon application is an essential approach to reduce the harmful impacts of drought in
barley plants [38] and salinity in sweet pepper [8], resulting in improvement in growth
characteristics, such as, leaves number, chlorophyll, RWC and enzymes activity in Salvia
and plants under salinity [51,52]. Interestingly, few studies have investigated the impact of
Si and proline on sugar beet growth and sugar yield under drought. Hence, the aim of our
study was to evaluate the influence of Si and proline individually or the combination of
Si + proline as low-cost and easy-to-implement drought adaptation strategies on root and
sugar yield, sucrose %, Chl, RWC, MDA and Enzymes activity as well as total phenolic
compounds in sugar beet plants under drought. We expected that the application of Si and
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proline would decrease the harmful effects of drought on sugar beet due to enhancement
of phenolic compounds, RWC, Chl concentration and scavenge ROS.

2. Materials and Methods
2.1. Expremints Design and Treatments

Tow field experiments were conducted at Gharbia governorate during two winter
seasons 2018/2019 and 2019/2020 to evaluate the impact of silicon and proline on mor-
phological, physio-biochemical and yield parameters of sugar beet plants (Beta vulgaris
L.) cv. Samba under drought stress (50% field capacity). The physio-biochemical studies
were done at PPBL Lab and EPECRS Center, Kafrelsheikh University. Seeds of sugar beet
were sown on 2nd and 4th October in both seasons, respectively. Each plot contained
5 rows, 60 cm apart, the spacing hill was 60 × 20 cm. There were five treatments, including
control (100% field capacity), drought (50% field capacity), drought + Si (2 mmol), drought
+ proline (10 mmol), drought + Si + proline (2 mmol + 10 mmol). Application of Si and
proline (Foliar sprayed) were applied twice, the first was at 35 days from transplanting
(DAS) and the second was at 15 days after the first one, the treatments were arranged in
a completely randomized design with four replicates. Experimental soil characters were
analyzed [53] and the obtained results were, pH 8.1, N 32.6 ppm, P 10.3 ppm, K 288 ppm,
electrical conductivity 1.7 dS m−1, soil organic matter 1.8%, sand 17.7%, and silt 35.9%.
The samples were taken to determine physio-biochemical characters at 120 DAS, however
morphological, yield characters, sugar yield and sucrose% were determined at harvest date
(195 DAS).

2.2. Morphological and Yield Characters

At the harvesting date (195 DAS) ten plants were randomly selected from each plot to
determine the morphological and yield characters. Morphological characters such as root
length and diameter (cm), root and shoot fresh weights (g plant−1), root yield and sugar
yield (ton/ha) were determined.

2.3. Estimation of Total Soluble Solids (TSS%), Sucrose% and Sugar Yield (t ha−1)

Sucrose% and TSS% were estimated as follows: Total soluble solids (TSS%) was
recorded in the juice of fresh roots using a hand refractometer, sucrose% was measured
polarimetrically on a lead acetate extract of fresh macerated roots [54] and sugar yield
(t/ha) was estimated using the following equation: Sugar yield (t/ha) = Root yield (t/ha)
× sucrose /100.

2.4. Estimation of Chlorophyll A and B Concentrations

Sugar beet fresh leaves discs (10 discs) were taken and placed in a solution containing
95% ethanol and 80% acetone (v:v = 1:2). The samples were kept under dark conditions
overnight until the green color disappeared from the leaf tissue. The absorbance was recorded
at 663, 645 and 470 nm. Chl concentration was assayed according to Lichtenthaler [55].

2.5. Estimation of Relative Water Content (RWC%)

Sugar beet fresh leaves discs (10 discs) (1 cm diameter) were taken to determine the
fresh weight, and then the discs were soaked in distilled water for 4 h at 25 ◦C to determine
the turgid weight (TW). Dry weight (DW) was measured after keeping them in a hot-air
oven for 24 h at 80 ◦C. Relative water content (RWC) was measured as follow:

RWC % = (FW − DW)/(TW − DW) × 100 (1)

where fresh weight (FW); dry weight (DW); turgid weight (TW) [56].
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2.6. Estimation of Electrolyte Leakage

Twenty discs (1 cm2) of sugar beet leaves were taken and electrical conductivity
was recorded to determine EL%. Electrolyte leakage % was determined as follows: first
conductivity/last conductivity × 100. [57].

2.7. Estimation of Proline

Proline concentration was measured in fresh leaves, 100 mg were taken from the fully
expanded leaves for analyses, the samples were homogenized in 10 mL of 3% sulfosalicylic
acids and filtered using filter paper. Then, 2 mL of the supernatant were made to react with
2 mL of glacial acetic acid and 2 mL of acid ninhydrin in a test tube at 100 ◦C for 1 h, then
the tube was placed on an ice bath. The mixtures were extracted using 4 mL of toluene and
vortexing (15–20 s). The chromophore containing toluene was measured at 520 nm using a
spectrophotometer with toluene as blank, proline was determined from a standard curve
as µmol g−1 FW [58].

2.8. Estimation of Lipid Peroxidation (MDA)

MDA was determined on fresh leaves by the procedure of Du and Bramlage [59] as
malondialdehyde (MDA), the absorbance was recorded spectrophotometrically at 532, and
600 nm.

2.9. Estimation of Antioxidant Enzyme Activity

Frozen sugar beet leaves were used for protein extraction, 0.5 g frozen leaves were
ground in liquid nitrogen. Protein extraction was done using 3 mL of buffer containing
50 mM K-phosphate buffer (pH 7.0), 2 mM EDTA, 20 mM ascorbate, and 0.1% (v/v) Triton
X-100 for CAT (EC 1.11.1.6) or 100 mM K-phosphate buffer (pH 7.8), 0.1 mM EDTA, 14 mM
2-mercaptoethanol, and 0.1% (v/v) Triton X-100 for SOD (EC 1.15.1.1) activity. The mixture
was centrifuged at 15,000× g (4 ◦C) for 15 min [60]. The activity of CAT was estimated
at 240 nm using a spectrophotometer depend on the rate of H2O2 consumption as mmol
min−1 mg protein−1 [61]. The activity of SOD was estimated by the enzyme capability to
prevent the photochemical reduction of nitroblue tetrazolium (NBT) on blue formazan and
recorded at 560 nm as mmol min−1 mg protein−1 [62].

2.10. Total Phenolic Compounds Determination

The total content of phenolic compounds was determined in sugar beet leaves by the
Folin–Ciocalteu reagent according to Singleton and Rossi [63]. The extract solution (0.1 mL)
containing 1000 µg of the extract was mixed with 46 mL distilled water in a volumetric
flask and 1 mL Folin–Ciocalteu reagent was added, and the flask was shaken. The mixture
was allowed to react for 3 min and 3 mL aqueous solution of 2% Na2CO3 was added.
At the end of incubation at room temperature for 2 h, the absorbance was determined by
spectrophotometer at 750 nm, the total content of phenolic compounds was recorded as µg
gallic acid equivalent in dry weight material (µg mL−1 gallic acid equivalent).

2.11. Determination of Nitrogen, Phosphorus and Potassium (NPK)

Sugar beet fresh leaves samples were taken and washed with dilute HCl to remove
any adhered particles, then washed with deionized water five times to remove HCl. The
samples were left to air-dry on room temperature, then, the samples put into a hot-air
oven for 48 h on 70 ◦C. Then the samples were powdered and placed in plastic bags for
analysis. For N, P and K measurement, the samples were digested with HNO3:HClO4
solution (2:1). Nitrogen content% was determined according to A.O.A.C. [64], whereas
Phosphorus content% was measured calorimetrically according to Jackson [65]. Potassium
content% was determined using Atomic Absorption according to Page et al. [53].
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2.12. Esimation of Reactive Oxygen Species (ROS)

Hydrogen peroxide (H2O2) and Superoxide (O2
•−) are the most common free radicles

of ROS, (O2
•−) and (H2O2) were estimated in sugar beet leaves. In the presence of ice

fresh leaf tissues (0.5 g) were blended with 3 mL of K-phosphate (50 mM) buffer with
7 pH at 4 ◦C. Centrifugation of the amalgam was done for 15 min at 12,000× g. From
the upper layer of the mixture, 3 mL was taken and blended with H2SO4 (20% v/v) and
TiCl4 (1%), then centrifuged for 15 min at 11,500× g. The absorbance was recorded using
a spectrophotometer at 410 nm to quantify H2O2 which was determined as µmol g−1

fresh weight [66]. Production of O2
•− was estimated using the sulfanilamide method by

determining the reaction at 530 nm. O2
•− production rate was recorded from a standard

curve of NaNO2 reagent [67].

2.13. Statistical Analysis

Analysis of variance (ANOVA) procedures was done [68] using the MSTAT-C Sta-
tistical Software package. The means were compared by Duncan (1955) [69] when the
difference was significant (p ≤ 0.05).

3. Results
3.1. Effects of Si and Proline on Morphological Characters in Sugar Beet Plants under Drought

We observed that root length and diameter (cm), root and shoot fresh weights
(g plant−1) of sugar beet plants under drought were considerably decreased (37, 40.9,
44.4 and 33.3%) compared with control plants (Figure 1A–D) as the main of the two
seasons. However, application of Si or proline individually or combined causes a remark-
able increase in root length and diameter, root and shoot fresh weights compared with
drought-stressed untreated sugar beet plants in both seasons. Interestingly enough, that
combination of Si + proline gives the maximum results of the above-mentioned traits (root
length and diameter and root fresh weight in Figure 1A–C) without a difference when
compared with control during both seasons.

3.2. Effects of Si and Proline on TSS%, Sucrose%, Root and Sugar Yield (t ha−1) in Sugar Beet
Plants under Drought

It can be noticed from Figure 2A–D that Total soluble solids, sucrose%, root yield
and sugar yield of sugar beet plants were considerably affected under drought. TSS%
significantly increased in sugar beet plants under drought (21.7%) compared with control
and the other treatments in drought-stressed treated plants (Figure 2A) in both seasons. Fur-
thermore, the application of Si + proline causes a significant reduction in TSS% compared
with drought-stressed untreated plants (11%), however, the differences were not significant
when compared with control treatment in the two seasons. Contrariwise, sucrose% was
considerably decreased under drought in sugar beet plants in both seasons compared with
control (19%). Additionally, Si or proline individually showed no significant difference in
sucrose% in stressed plants compared with untreated stressed plants. Si + proline treatment
gave the maximum results in sucrose% without differences when compared with control
treatment (Figure 2B). The data presented in Figure 2C,D indicated that root and sugar
yield was dramatically decreased in sugar beet plants under drought during two seasons.
Nevertheless, sucrose% was considerably elevated as a result of Si or proline application
individually or in combined and the best treatment was Si + proline without any significant
difference with control treatment followed by proline then Si treatment during two seasons.
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Figure 1. Effect of silicon and proline on root length (A), root diameter (B), root fresh weight (C) and shoot 

fresh weight (D) of sugar beet plants under drought in the 2018/2019 and 2019/2020 seasons. Bars followed 
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Figure 1. Effect of silicon and proline on root length (A), root diameter (B), root fresh weight (C) and shoot fresh weight
(D) of sugar beet plants under drought in the 2018/2019 and 2019/2020 seasons. Bars followed by different letters are
significantly different according to Duncan’s multiple range tests (DMRTs) at p < 0.05. Si: Silicon, Pro: Proline.
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Figure 2. Effect of silicon and proline on TSS% (A), Sucrose% (B), root yield (C) and sugar yield (D) of sugar beet plants
under drought in the 2018/2019 and 2019/2020 seasons. Bars followed by different letters are significantly different
according to Duncan’s multiple range tests (DMRTs) at p < 0.05. Si: Silicon, Pro: Proline.
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3.3. Effects of Si and Proline on Chl a (A), Chl b (B), RWC% (C) and EL% (D) in Sugar Beet
Plants under Drought

The obtained data in Figure 3A–D showed a remarkable reduces in Chl a, b concen-
trations and RWC in sugar beet plants under drought (22.2, 41.7 and 27.5%) compared
with control. relative water content considerably decreased in sugar beet plants under
drought compared to control, while electrolyte leakage% significantly elevated in stressed
sugar beet plants in both seasons as compared to control (171.4%). In the present study,
application of Si or proline or Si + proline significantly increased Chl a and b as compared
to untreated stressed plants during two seasons. When compared with control there was
no significant difference in Chl a with proline treatment, however, the maximum value
of Chl a was achieved with Si + proline treatment in comparison to control and other
treatments (Figure 3A). Si + proline treatment gave the maximum value of Chl b without
any significant difference compared to control (Figure 3B).

The results of the current study in Figure 3C showed that RWC considerably elevated
under drought in all treatments compared with untreated stressed sugar beet plants. The
best results were recorded with proline then, Si + proline without any significant differ-
ence when compared with control treatment during both seasons (Figure 3C). Regarding
EL%, data presented in Figure 3D indicated that El% dramatically decreased due to the
application of Si or proline or Si + proline and the best treatment was Si + proline which,
causes the best result and most decrease in EL% in comparison to other both treatment and
stressed untreated sugar beet plants during both seasons.

3.4. Effects of Si and Proline on Proline Content (A), MDA (B), CAT Activity (C) and SOD
Activity (D) in Sugar Beet Plants under Drought

Our results in Figure 4A demonstrated that proline content considerably elevated in
plants under drought (38.5%) compared with control in the two seasons. Application of Si
or proline led to increasing proline content in stressed plants without significant difference
when compared with stressed untreated sugar plants, however, Si + proline treatment
causes a remarkable reduction in proline content when compared with untreated stressed
plants. However, there was no significant difference between Si + proline treatment and
control. In addition, drought stress elicited a significant increase in MDA in drought-
stressed sugar beet compared with control plants (60%). The helpful impact of Si or proline
or Si + proline on decreasing oxidative stress and MDA was observed in Figure 4B, these
treatments led to a remarkable decrease in MDA and the best treatment was Si + proline
followed by proline then Si treatment during both seasons.

Antioxidant enzymes CAT and SOD activity as an indicator of stress, was more
evident in sugar beet plants under drought compared with control. The presented data
in Figure 4C,D showed that the antioxidant enzyme CAT and SOD activity considerably
elevated (47.1 and 105%) in sugar beet plants under drought during both seasons. Si or
proline or Si + proline effectively up-regulated CAT and SOD activities in sugar beet plants
under drought. The best results of CAT and SOD activity were recorded with Si + proline
treatment compared with untreated stressed plants during both seasons.

3.5. Effects of Si and Proline on Nitrogen(A), Phosphorus(B), Potassium (C) and Total Phenolic
Compounds (D) in Sugar Beet Plants under Drought

Drought stress considerably reduced Nitrogen, Phosphorus and Potassium (NPK)
contents in sugar beet plants under drought during both seasons (Figure 5A–C). However,
the results showed that application of Si or proline or Si + proline significantly increased
NPK contents in sugar beet plants under drought compared with untreated stressed plants
(38.7, 47.8, and 71.1%). Application of Si + proline led to improve sugar beet plants exposed
to drought and give the best results of NPK contents in stressed plants compared with
other treatment especially control plants without significant deference in both seasons. The
best treatment was Si + proline followed by proline. Regarding total phenolic compounds,
the results in Figure 5D showed a remarkable increase in sugar beet drought-stressed
plants (17.1%) in comparison to control plants. Conversely, total phenolic compounds were
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considerably reduced in sugar beet plants under drought treated with Si or proline or Si +
proline in comparison to untreated stressed plants during both seasons, the control gives
the best results followed by combined application of Si + proline.
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 Fig. 3 
Figure 3. Effect of silicon and proline on Chlorophyll a (A), Chlorophyll b (B), relative water content
(RWC)% (C) and electrolyte leakage (EL)% (D) of sugar beet plants under drought in 2018/2019 and
2019/2020 seasons. Bars followed by different letters are significantly different according to Duncan’s
multiple range tests (DMRTs) at p < 0.05. Si: Silicon, Pro: Proline.
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Figure 4. Effect of silicon and proline on proline content (A), lipid peroxidation (MDA) (B), antioxi-
dant enzymes catalase (CAT) activity (C) and superoxide dismutase (SOD) activity (D) of sugar beet
plants under drought in the 2018/2019 and 2019/2020 seasons.
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Figure 5. Effect of silicon and proline on nitrogen (A), phosphorus (B), potassium (C) and total phenolic compounds (D) of
sugar beet plants under drought in the 2018/2019 and 2019/2020 seasons.
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3.6. Effects of Si and Proline on O2
•− (A)and H2O2 (B) in Sugar Beet Plants under Drought

As a common response to drought, (O2
•−) and (H2O2) dramatically elevated in sugar

beet plants under drought during two seasons compared with control (Figure 6A,B). The
achieved results presented that Si or proline or combined application of Si + proline led to a
remarkable decrease in O2

•− and H2O2 levels in sugar beet plants under drought (86.9 and
163.6%) compared with untreated stressed plants. According to O2

•− level (Figure 6A), the
lowest level as the best result was achieved with combined application of Si + proline in
comparison to other treatments and without any significant difference with control. The
application of Si + proline gave the lowest level of H2O2 compared with the application of
Si or proline individually during both seasons (Figure 6B).
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Figure 6. Effect of silicon and proline on Superoxide (O2
•−) (A) and Hydrogen peroxide (H2O2) (B) of sugar beet plants

under drought in the 2018/2019 and 2019/2020 seasons.

4. Discussion
4.1. Effects of Si and Proline on Morphological Characters

It is well known that drought detrimentally affects the growth and yield characters
in the plants [13,16,18,39]. Our results displayed that drought causes a major decrease
in root length and diameter (cm), root and shoot fresh weights (g plant−1) in sugar beet
plants under drought during both seasons, this decrease because of the harmful effect of
drought on water absorption during root system from the soil, consequently, reduced cell
division, cell enlargement and decrease RWC. Additionally, drought negatively affects cell
membrane and reduces growth parameters for example root diameter and length, root and
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shoots fresh weights. EL-Darder et al. [70] found that reducing the amount of irrigation
water significantly declined the mean root of sugar beet. However, foliar application of
Si or proline or the combination of Si + proline led to alleviate the negative impact of
drought resulting in enhancement of sugar beet plant status and increase root diameter
and length, root and shoot fresh weights. This increase because of the positive role of Si
as a useful element in increasing the growth and development of plants under different
stresses [8,49]. Similarly, Si is effective in alleviating drought stress by increasing water
holding capacity, enhancing soil fertility and regulates stomatal conductance as well as
the photosynthesis process [71]. In the current research, proline has a beneficial role in
decreasing the damaging impact of drought on sugar beet, this useful impact of proline
might be due to its role in protecting enzymes, proteins structures and membranes that
helping plants to tolerate stresses [72]. These results were comparable to the results of
El-Shawa et al. [9], Abdelaal et al. [38], Teh et al. [41].

4.2. Effects of Si and Proline on TSS%, Sucrose%, Root and Sugar Yield

The adverse impacts of drought on sucrose%, root and sugar yield were observed
in drought-stressed plants during both seasons, this result of drought may be due to
its negative impact on root diameter, root length and root fresh weight because of the
decrease in water absorption, cell division, cell elongation and CO2 assimilation, conse-
quently, decrease sucrose%. These results are in agreement with the obtained results with
Foroozesh et al. [73] and Chołuj et al. [74], they reported that drought led to inhibit the
assimilation of CO2 and reduce the assimilate supply in sugar beet, consequently, decrease
sucrose%, root and sugar yield. Contrariwise, drought stress causes an increase in TSS% in
sugar beet plants during two seasons. Furthermore, Si or proline or the combined applica-
tion of Si + proline led to improve root and sugar yield and decrease TSS% especially, the
combined application of Si + proline. The superior effect of Si + proline might be due to the
role of proline in improving sugar beet as a storage sink for nutrient elements for example
carbon and nitrogen and as a scavenger for free-radical consequently, decreased TSS% [75].
Si plays an important role in improving respiratory enzyme activity and decrease oxidative
stress signals which are considerably accumulated under stress such as ROS, MDA and
TSS% in sugar beet.

4.3. Effects of Si and Proline on Chlorophyll a, Chlorophyll b, RWC% (C) and EL%

Chlorophyll a, b concentrations and RWC considerably reduced due to drought in
sugar beet compared with control during two seasons. According to Chl concentration,
Hsu and Kao [76] found that Chl was decreased under drought, this adverse effect on Chl
because of the osmotic stress, decreasing water holding capacity and stomatal movement
which limits CO2 influx to leaves, decreasing photosynthesis, consequently, reduce Chl a
and b concentrations. Additionally, the decrease of Chl concentration under drought might
be due to the accumulation of ROS, resulting in Chl degradation by chlorophyllase enzyme,
which increases the Chl degradation and the destruction of chloroplasts, also, drought led
to a reduction in photosystem II activity and the rate of CO2 assimilation in sugar beet [74].
These results were consistent with the recorded results in sugar beet plants [19] and in
barley plants under drought stress [38]. Contrariwise, EL% considerably increased in sugar
beet plants under drought compared with control, this increase is due to the adverse impact
of drought on sugar beet resulting in damage to the plasma membrane, dehydration of
cytoplasm and membrane stability, this result was in line with those recorded in drought-
stressed barley plants [38]. On the other hand, Chl a, b concentrations and RWC were
increased significantly due to Si or proline or the combined application of Si + proline in
sugar beet plants under drought in comparison to stressed untreated plants. This valuable
effect of Si + proline could be due to that proline protect plasma membrane, cytoplasmic
enzymes, stabilize membranes and proteins and inhibit ROS [28]. Si has a protective role
against stress, it helps in increasing the concentration of Ca which plays an essential role in
improving membrane stability and stimulates some enzymes to decrease ROS accumulation
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and improve electron transport chain [47,48]. With our findings, it was suggested that Si
led to improve the carotenoids and chlorophyll content, produce antioxidant compounds,
improve the gas-exchange process and Hill reaction [77,78].

4.4. Effects of Si and Proline on Proline Content, MDA, CAT Activity and SOD Activity

It is well-known that proline accumulation, over-expression of MDA content and CAT
and SOD activities in sugar beet under drought displays a defense mechanism against
the negative impacts of drought, the abovementioned characters considerably increased
in stressed sugar beet plants in comparison to control. The over-accumulation in MDA
and proline is a response to drought, our findings are in agreement with the results of
some researchers, they reported that proline and MDA considerably elevated under stress
circumstances in many plants [9,10,28,42]. CAT and SOD activities significantly elevated in
sugar beet under drought compared with control, this increase may be due that CAT and
SOD are antioxidant enzymes, which involved in the tolerance of various stresses, SOD is
the first defense wall in oxidative damage in the cells and play a key role in alteration of
O2

•− radicals to H2O2 and oxygen (O2) [79]. CAT participates in the conversion of H2O2
into H2O and oxygen, play a pivotal role in plant metabolism and in signal recognition
These results are in line with the results of Abdelaal et al. [16,18,19,38] and Li et al. [80].
Our findings showed the valuable effects of Si or proline or the combined application of Si
+ proline on drought-stressed sugar beet compared with untreated stressed plants. The
important impact of Si may be due to its role in improving electron transport chain and
enzyme stimulation, this positive role of Si was reported in many plants [8,39,42].

Additionally, the pivotal role of prolin may be due to its useful effect as osmopro-
tectant in protecting the plant cells from oxidative stress by osmotic adjustment, protein
stabilization and antioxidant enzyme balance [81]. Our findings are in line with the results
of Abdelaal et al. [38], Ribera-Fonseca et al. [77] and Pontigo et al. [78].

4.5. Effects of Si and Proline on Nitrogen, Phosphorus, Potassium and Total Phenolic Compounds

Drought stress adversely affects nutrients content, mainly, NPK in stressed plants
during both seasons compared with control. The adverse influence of drought on NPK
could be due to the reduction in nutrient flow and transport under drought [81]. NPK
are very important nutrients to plant, these nutrients are involved in many biochemical
and physiological processes in the cells such as photosynthesis and stomatal movement.
Contrariwise, total phenolic compounds significantly elevated in stressed plants under
drought, these compounds naturally exist in plants and produced in the endoplasmic
reticulum and cytoplasm, play an important role as signal molecules, scavenge ROS and
act as secondary antioxidant protection system under stress conditions [82]. Regarding
to the impact of Si or proline or the combined application of Si + proline on drought-
stressed sugar beet plants, the results exhibited helpful effects of these treatments and
led to a significant increase in NPK contents in stressed plants. The application of these
treatments led to regulate total phenolic compounds formation in sugar beet under drought
in comparison to untreated stressed plants. The remarkable increases in NPK was recorded
in the current research due to Si+ proline application, this increase might be due to the
role of Si in improving membrane H ± ATPase activity which enhances element uptake,
mainly K+ and Ca+ and improve photosynthesis and water relations [83]. The helpful
impact of Si on nutrient content was observed in some plants [8,42] and that could be
explained by the regulation of key enzyme activity in the phenylpropanoid pathway [84]
and the improvement of total phenol formation [85]. The role of proline in increasing
NPK content under drought could be due to that proline is an amino acid and involved in
increase plant tolerance to stresses by enhancement plant metabolism as well as increase
nutrients uptake [86] as well as increase energy production in the electron transport chain
and ATP synthesis [87].
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4.6. Effects of Si and Proline on Superoxide (O2
•−) and Hydrogen Peroxide (H2O2)

ROS are produced under stressful and normal conditions at different cellular sites,
principally, peroxisomes, mitochondria and chloroplasts, ROS accumulation depends on
the release of electrons onto O2 coming from the electron transport chain in mitochondria,
chloroplasts and plasma membranes. ROS over accumulation especially O2

•− and H2O2
were observed in sugar beet under drought in comparison to control. This increase in
O2

•− and H2O2 may be a result of the adverse effect of drought on sugar beet resulting
in oxidative damage to mitochondria, chloroplasts, membrane and cytotoxicity in plants.
The over-accumulation of O2

•− and H2O2 is one of the central responses under various
stresses [88,89], this accumulation may cause disturbance in the nucleic acid conformation,
lipid peroxidation and proteins oxidation, finally, the programmed cell death [90]. In the
current research, we recorded a considerable decrease in O2

•− and H2O2 because of foliar
treatment with Si or proline or the combined application of Si + proline. Si + proline
application was more active in alleviating the harmful impact of drought and decreasing
O2

•− and H2O2 levels in sugar beet under drought compared with stressed untreated
plants. This significant effect of Si + proline may be due to the role of Si in antioxidant
enzyme stimulation, improvement of Chl concentration and decrease O2

•− and H2O2
formation [38,48]. Si is involved in the decrease of ROS formation under abiotic stresses,
this reduction of ROS levels leads to improve photosynthesis and enhance the plant immune
system under negative conditions. The increase of antioxidative compounds might decrease
the adverse effects of ROS and increase plant tolerance [8,38,91]. Furthermore, proline
is one of the major osmolytes, many plants synthesize proline to improves membrane
stability, tolerate osmotic stresses by decreasing ROS formation and ROS scavenging [92].
Under drought stress, proline protects cell membranes, cytoplasmic enzymes, proteins
and scavenges ROS. In general, our study revealed that the negative impact of drought on
sugar beet plants could be alleviated by Si or proline or the combined application of Si +
proline, these treatments cause a decrease in oxidative damage, regulate proline and total
phenol compounds as well as enhance the activity of antioxidant enzymes, increase Chl
concentration, consequently, improve yield parameters.

5. Conclusions

Drought stress considerably reduced growth, root yield, sugar yield and sucrose%
of sugar beet mainly due to oxidative stress. Nevertheless, antioxidant enzyme activities
were elevated under drought to induce plant defense system and scavenge O2

•− and
H2O2. Under drought, Chl a, Chl b, RWC and NPK content significantly reduced but,
total phenolic compounds, EL and ROS were considerably elevated in sugar beet plants.
However, the combined application of Si + proline led to a decrease in the detrimental
impacts of drought and improve Chl concentration, RWC, NPK contents, regulate the
activity of CAT and SOD enzymes and increase yield parameters of sugar beet plants.
Current study findings concluded that application combined of Si + proline (2 mmol Si +
10 mmol proline) has confirmed to be effective in mitigating drought stress damages in
sugar beet plants.

Author Contributions: Conceptualization, K.A.A.A., K.A., M.D.F.A., E.R. and Y.M.H.; methodol-
ogy, K.A.A.A., Y.M.H. and E.R.; software, K.A.A.A., K.A., M.D.F.A., E.R.; validation, K.A.A.A.,
K.A., Y.M.H., E.R.; formal analysis, K.A.A.A., K.A., Y.M.H., E.R.; investigation, K.A.A.A., Y.M.H.,
E.R.; resources, K.A.A.A., K.A., Y.M.H., E.R. data curation, K.A.A.A., K.A., Y.M.H., E.R.; writing—
original draft preparation, K.A.A.A., K.A., Y.M.H., E.R.; writing—review and editing, K.A.A.A., K.A.,
M.D.F.A., E.R.; funding acquisition, K.A.A.A., K.A., M.D.F.A., E.R., L.A.H., H.I.M.A. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Deanship of Scientific Research at Princess Nourah bint
Abdulrahman University through the Fast-track Research Funding Program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Antioxidants 2021, 10, 398 16 of 19

Data Availability Statement: Not applicable.

Acknowledgments: The authors gratefully acknowledge the Deanship of Scientific Research at
Princess Nourah bint Abdulrahman University for funding this research through the Fast-track
Research Funding Program.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ministry of Agriculture and Land Reclamation. Sugar Crops and Sugar Production in Egypt and the World; MALR Annual Report;

Council of Sugar Crops: Giza, Egypt, 2019.
2. Brar, N.S.; Dhillon, B.S.; Saini, K.; Sharma, P. Agronomy of sugarbeet cultivation—A review. Agric. Rev. 2015, 36, 184–197. [CrossRef]
3. Abdelaal, K.A.A.; Badawy, S.A.; Neana, S.M.M. Effect of foliar application of microelements and potassium levels on growth, physio-

logical and quality characters of sugar beet (Beta vulgaris L.) under newly reclaimed soils. J. Plant Prod. 2015, 6, 123–133. [CrossRef]
4. Abdelaal, K.A.A.; Hafez, Y.M.; Badr, M.M.; Youseef, W.A.; Esmaeil, S.M. Biochemical, histological and molecular changes in

susceptible and resistant wheat cultivars inoculated with stripe rust fungus Puccinia striiformis f.sp. tritici. Egypt. J. Biol. Pest
Control 2014, 24, 421–429.

5. Abdelaal, K.A.A.; Omara, I.R.; Hafez, Y.M.; Esmail, S.M.; EL Sabagh, A. Anatomical, biochemical and physiological changes in
some Egyptian wheat cultivars inoculated with Puccinia graminis f.sp. tritici. Fresenius Environ. Bull. 2018, 27, 296–305.

6. Esmail, S.M.; Omara, R.I.; Abdelaal, K.A.; Hafez, M. Histological and biochemical aspects of compatible and incompatible
wheat-Puccinia striiformis interactions. Physiol. Mol. Plant Pathol. 2019, 106, 120–128. [CrossRef]

7. Omara, R.I.; El-Kot, G.A.; Fadel, F.M.; Abdelaal, K.A.A.; Saleh, E.M. Efficacy of certain bioagents on patho-physiological characters
of wheat plants under wheat leaf rust stress. Physiol. Mol. Plant Pathol. 2019, 106, 102–108. [CrossRef]

8. Hafez, Y.M.; Abdelaal, K.A.A. Investigation of susceptibility and resistance mechanisms of some Egyptian wheat cultivars
(Triticum aestivum L.) inoculated with Blumeria graminis f.sp. tritici using certain biochemical, molecular characterization and SEM.
J. Plant Prot. Pathol. 2015, 6, 431–454. [CrossRef]

9. Abdelaal, K.A.A.; Mazrou, Y.S.; Hafez, Y.M. Silicon Foliar Application Mitigates Salt Stress in Sweet Pepper Plants by Enhancing
Water Status, Photosynthesis, Antioxidant Enzyme Activity and Fruit Yield. Plants 2020, 9, 733. [CrossRef]

10. El-Shawa, G.M.; Rashwan, E.M.; Abdelaal, K.A. Mitigating salt stress effects by exogenous application of proline and yeast
extract on morpho-physiological, biochemical and anatomical characters of calendula plants. Sci. J. Flowers Ornam. Plants 2020, 7,
461–482. [CrossRef]

11. Abdelaal, K.A.; El-Maghraby, L.M.; Elansary, H.; Hafez, Y.M.; Ibrahim, E.I.; El-Banna, M.; El-Esawi, M.; Elkelish, A. Treatment
of Sweet Pepper with Stress Tolerance-Inducing Compounds Alleviates Salinity Stress Oxidative Damage by Mediating the
Physio-Biochemical Activities and Antioxidant Systems. Agronomy 2019, 10, 26. [CrossRef]

12. Helaly, M.N.; Mohammed, Z.; El-Shaeery, N.I.; Abdelaal, K.A.A.; Nofal, I.E. Cucumber grafting onto pumpkin can represent an
interesting tool to minimize salinity stress. Physiological and anatomical studies. Middle East J. Agric. Res. 2017, 6, 953–975.

13. El Sabagh, A.; Hossain, A.; Barutcular, C.; Islam, M.S.; Awan, S.I.; Galal, A.; Iqbal, A.; Sytar, O.; Yildirim, M.; Meena, R.S.; et al.
Wheat (Triticum aestivum L.) production under drought and heat stress—Adverse effects, mechanisms and mitigation: A review.
Appl. Ecol. Environ. Res. 2019, 17, 8307–8332. [CrossRef]

14. Abdelaal, K.A.A.; Elafry, M.; Abdel-Latif, I.; Elshamy, R.; Hassan, M.; Hafez, Y. Pivotal role of yeast and ascorbic acid in
improvement the morpho-physiological characters of two wheat cultivars under water deficit stress in calcareous soil. Fresenius
Environ. Bull. 2021, 30, 2554–2565.

15. Rashwan, E.; Alsohim, A.S.; El-Gammaal, A.; Hafez, Y.; Abdelaal, K.A.A. Foliar application of nano zink-oxide can alleviate the
harmful effects of water deficit on some flax cultivars under drought conditions. Fresenius Environ. Bull. 2020, 29, 8889–8904.

16. Abdelaal, K.A.A. Effect of salicylic acid and abscisic acid on morpho-physiological and anatomical characters of faba bean plants
(Vicia faba L.) under drought stress. J. Plant Prod. 2015, 6, 1771–1788. [CrossRef]

17. Abdelaal, K.A.A.; Hafez, Y.M.; El-Afry, M.M.; Tantawy, D.S.; Alshaal, T. Effect of some osmoregulators on photosynthesis, lipid
peroxidation, antioxidative capacity, and productivity of barley (Hordeum vulgare L.) under water deficit stress. Environ. Sci.
Pollut. Res. 2018, 25, 30199–30211. [CrossRef]

18. Hafez, Y.; Attia, K.; Alamery, S.; Ghazy, A.; Al-Doss, A.; Ibrahim, E.; Rashwan, E.; El-Maghraby, L.; Awad, A.; Abdelaal, K.A.A.
Beneficial Effects of Biochar and Chitosan on Antioxidative Capacity, Osmolytes Accumulation, and Anatomical Characters of
Water-Stressed Barley Plants. Agronomy 2020, 10, 630. [CrossRef]

19. Abdelaal, K.A.A.; Hafez, Y.M.; EL Sabagh, A.; Saneoka, H. Ameliorative effects of Abscisic acid and yeast on morpho-physiological
and yield characteristics of maize plant (Zea mays L.) under drought conditions. Fresenius Environ. Bull. 2017, 26, 7372–7383.

20. Abdelaal, K.A.A.; Rashed, S.H.; Ragab, A.; Hossain, A.; EL Sabagh, A. Yield and quality of two sugar beet (Beta vulgaris L. ssp.
vulgaris var. altissima Döll) cultivars are influenced by foliar application of salicylic acid, irrigation timing, and planting density.
Acta Agric. Slov. 2020, 115, 273–282. [CrossRef]

21. Hasan, M.K.; El Sabagh, A.; Sikdar, M.S.; Alam, M.J.; Ratnasekera, D.; Barutcular, C.; Abdelaal, K.A.A.; Islam, M.S. Comparative
adaptable agronomic traits of blackgram and mungbean for saline lands. Plant Arch. 2017, 17, 589–593.

http://doi.org/10.5958/0976-0741.2015.00022.7
http://doi.org/10.21608/jpp.2015.49290
http://doi.org/10.1016/j.pmpp.2018.11.004
http://doi.org/10.1016/j.pmpp.2018.12.010
http://doi.org/10.21608/jppp.2015.53305
http://doi.org/10.3390/plants9060733
http://doi.org/10.21608/sjfop.2020.135166
http://doi.org/10.3390/agronomy10010026
http://doi.org/10.15666/aeer/1704_83078332
http://doi.org/10.21608/jpp.2015.52096
http://doi.org/10.1007/s11356-018-3023-x
http://doi.org/10.3390/agronomy10050630
http://doi.org/10.14720/aas.2020.115.2.1159


Antioxidants 2021, 10, 398 17 of 19

22. Omara, R.I.; Abdelaal, K.A.A. Biochemical, histopathological and genetic analysis associated with leaf rust infection in wheat
plants (Triticum aestivum L.). Physiol. Mol. Plant Pathol. 2018, 104, 48–57. [CrossRef]

23. Hafez, Y.M.; Mourad, R.Y.; Mansour, M.; Abdelaal, K.A.A. Impact of non-traditional compounds and fungicides on physiological
and biochemical characters of barely infected with Blumeria graminis f. sp. hordei under field conditions. Egypt. J. Biol. Pest
Control 2014, 24, 445–453.

24. El-Nashaar, F.; Hafez, Y.M.; Abdelaal, K.A.A.; Abdelfatah, A.; Badr, M.; El-Kady, S.; Yousef, A. Assessment of host reaction and
yield losses of commercial barley cultivars to Drechslera teres the causal agent of net blotch disease in Egypt. Fresenius Environ.
Bull. 2020, 29, 2371–2377.

25. Al Mahmud, J.; Bhuyan, M.H.M.B.; Anee, T.I.; Nahar, K.; Fujita, M.; Hasanuzzaman, M. Reactive Oxygen Species Metabolism and
Antioxidant Defense in Plants under Metal/Metalloid Stress. In Plant Abiotic Stress Tolerance; Hasanuzzaman, M., Hakeem, K.R.,
Nahar, K., Alharby, H.F., Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 221–257. ISBN 978-3-030-06117-3.

26. Avramova, V.; Nagel, K.A.; AbdelGawad, H.; Bustos, D.; Duplessis, M.; Fiorani, F.; Beemster, G.T. Screening for drought
tolerance of maize hybrids by multi-scale analysis of root and shoot traits at the seedling stage. J. Exp. Bot. 2016, 67, 2453–2466.
[CrossRef] [PubMed]

27. Hoffmann, C.M. Sucrose Accumulation in Sugar Beet Under Drought Stress. J. Agron. Crop. Sci. 2010, 196, 243–252. [CrossRef]
28. Ghaffari, H.; Tadayon, M.R.; Nadeem, M.; Razmjoo, J.; Cheema, M. Foliage applications of jasmonic acid modulate the antioxidant

defense under water defcit growth in sugar beet. Span J. Agric. Res. 2019, 17, e0805. [CrossRef]
29. Ma, Q.; Yue, L.-J.; Zhang, J.-L.; Wu, G.-Q.; Bao, A.-K.; Wang, S.-M. Sodium chloride improves photosynthesis and water status in

the succulent xerophyte Zygophyllum xanthoxylum. Tree Physiol. 2012, 32, 4–13. [CrossRef] [PubMed]
30. Sonobe, K.; Hattori, T.; An, P.; Tsuji, W.; Eneji, A.E.; Kobayashi, S.; Kawamura, Y.; Tanaka, K.; Inanaga, S. Effect of silicon

application on sorghum root responses to water stress. J. Plant Nutr. 2010, 34, 71–82. [CrossRef]
31. Blokhina, O.; Virolainen, E.; Fagerstedt, K.V. Antioxidants, Oxidative Damage and Oxygen Deprivation Stress: A Review. Ann.

Bot. 2003, 91, 179–194. [CrossRef] [PubMed]
32. Romani, A.; Pinelli, P.; Galardi, C.; Sani, G.; Cimato, A.; Heimler, D. Polyphenols in greenhouse and open-air-grown lettuce. Food

Chem. 2002, 79, 337–342. [CrossRef]
33. Ramakrishna, A.; Ravishankar, G.A. Influence of abiotic stress signals on secondary metabolites in plants. Plant Signal Behav.

2011, 6, 1720–1731. [PubMed]
34. Lee, B.-R.; Zhang, Q.; Kim, T.-H. Lignification in Relation to the Influence of Water-deficit Stress in Brassica napus. J. Korean Soc.

Grassl. Forage Sci. 2014, 34, 15–20. [CrossRef]
35. Siracusa, L.; Gresta, F.; Sperlinga, E.; Ruberto, G. Effect of sowing time and soil water content on grain yield and phenolic profile

of four buckwheat (Fagopyrum esculentum Moench.) varieties in a Mediterranean environment. J. Food Compos. Anal. 2017, 62,
1–7. [CrossRef]

36. Sarker, U.; Oba, S. Drought stress enhances nutritional and bioactive compounds, phenolic acids and antioxidant capacity of
Amaranthus leafy vegetable. BMC Plant Biol. 2018, 18, 1–15. [CrossRef]

37. Ghaderi, N.; Siosemardeh, A. Response to drought stress of two strawberry cultivars (cv. Kurdistan and Selva). Hortic. Environ.
Biotechnol. 2011, 52, 6–12. [CrossRef]

38. Abdelaal, K.A.A.; Attia, K.A.; Alamery, S.F.; El-Afry, M.M.; Ghazy, A.I.; Tantawy, D.S.; Al-Doss, A.A.; El-Shawy, E.-S.E.; Abu-
Elsaoud, A.M.; Hafez, Y.M. Exogenous Application of Proline and Salicylic Acid can Mitigate the Injurious Impacts of Drought
Stress on Barley Plants Associated with Physiological and Histological Characters. Sustainability 2020, 12, 1736. [CrossRef]

39. Kaur, G.; Asthir, B. Proline: A key player in plant abiotic stress tolerance. Biol. Plant. 2015, 59, 609–619. [CrossRef]
40. Godoy, F.; Olivos-Hernández, K.; Stange, C.; Handford, M. Abiotic Stress in Crop Species: Improving Tolerance by Applying

Plant Metabolites. Plants 2021, 10, 186. [CrossRef]
41. Teh, C.-Y.; Shaharuddin, N.A.; Ho, C.-L.; Mahmood, M. Exogenous proline significantly affects the plant growth and nitrogen

assimilation enzymes activities in rice (Oryza sativa) under salt stress. Acta Physiol. Plant. 2016, 38, 151. [CrossRef]
42. Ghaffaria, H.; Tadayona, M.R.; Bahadora, M.; Razmjoo, J. Investigation of the proline role in controlling traits related to sugar and

root yield of sugar beet under water deficit conditions. Agric. Water Manag. 2021, 243, 106448. [CrossRef]
43. Cooke, J.; Leishman, M.R. Consistent alleviation of abiotic stress with silicon addition: A meta-analysis. Funct. Ecol. 2015, 30,

1340–1357. [CrossRef]
44. Ali, N.; Schwarzenberg, A.; Yvin, J.-C.; Hosseini, S.A. Regulatory Role of Silicon in Mediating Differential Stress Tolerance

Responses in Two Contrasting Tomato Genotypes under Osmotic Stress. Front. Plant Sci. 2018, 9, 1475. [CrossRef] [PubMed]
45. Maillard, A.; Ali, N.; Schwarzenberg, A.; Jamois, F.; Yvin, J.-C.; Hosseini, S.A. Silicon transcriptionally regulates sulfur and ABA

metabolism and delays leaf senescence in barley under combined sulfur deficiency and osmotic stress. Environ. Exp. Bot. 2018,
155, 394–410. [CrossRef]

46. Hosseini, S.A.; Rad, S.N.; Ali, N.; Yvin, J.-C. The Ameliorative Effect of Silicon on Maize Plants Grown in Mg-Deficient Conditions.
Int. J. Mol. Sci. 2019, 20, 969. [CrossRef]

47. Das, P.; Manna, I.; Sil, P.; Bandyopadhyay, M.; Biswas, A.K. Exogenous silicon alters organic acid production and enzymatic
activity of TCA cycle in two NaCl stressed indica rice cultivars. Plant Physiol. Biochem. 2019, 136, 76–91. [CrossRef] [PubMed]

48. Sil, P.; Das, P.; Biswas, A.K. Silicon induced mitigation of TCA cycle and GABA synthesis in arsenic stressed wheat (Triticum
aestivum L.) seedlings. S. Afr. J. Bot. 2018, 119, 340–352. [CrossRef]

http://doi.org/10.1016/j.pmpp.2018.09.004
http://doi.org/10.1093/jxb/erw055
http://www.ncbi.nlm.nih.gov/pubmed/26889006
http://doi.org/10.1111/j.1439-037X.2009.00415.x
http://doi.org/10.5424/sjar/2019174-15380
http://doi.org/10.1093/treephys/tpr098
http://www.ncbi.nlm.nih.gov/pubmed/21979327
http://doi.org/10.1080/01904167.2011.531360
http://doi.org/10.1093/aob/mcf118
http://www.ncbi.nlm.nih.gov/pubmed/12509339
http://doi.org/10.1016/S0308-8146(02)00170-X
http://www.ncbi.nlm.nih.gov/pubmed/22041989
http://doi.org/10.5333/KGFS.2014.34.1.15
http://doi.org/10.1016/j.jfca.2017.04.005
http://doi.org/10.1186/s12870-018-1484-1
http://doi.org/10.1007/s13580-011-0019-6
http://doi.org/10.3390/su12051736
http://doi.org/10.1007/s10535-015-0549-3
http://doi.org/10.3390/plants10020186
http://doi.org/10.1007/s11738-016-2163-1
http://doi.org/10.1016/j.agwat.2020.106448
http://doi.org/10.1111/1365-2435.12713
http://doi.org/10.3389/fpls.2018.01475
http://www.ncbi.nlm.nih.gov/pubmed/30349552
http://doi.org/10.1016/j.envexpbot.2018.07.026
http://doi.org/10.3390/ijms20040969
http://doi.org/10.1016/j.plaphy.2018.12.026
http://www.ncbi.nlm.nih.gov/pubmed/30658287
http://doi.org/10.1016/j.sajb.2018.09.035


Antioxidants 2021, 10, 398 18 of 19

49. Kim, Y.-H.; Khan, A.L.; Waqas, M.; Lee, I.-J. Silicon Regulates Antioxidant Activities of Crop Plants under Abiotic-Induced
Oxidative Stress: A Review. Front. Plant Sci. 2017, 8, 510. [CrossRef]

50. Ahanger, M.A.; Bhat, J.A.; Siddiqui, M.H.; Rinklebe, J.; Ahmad, P. Integration of silicon and secondary metabolites in plants:
A significant association in stress tolerance. J. Exp. Bot. 2020, 71, 6758–6774. [CrossRef] [PubMed]

51. Soundararajan, P.; Sivanesan, I.; Jana, S.; Jeong, B.R. Influence of silicon supplementation on the growth and tolerance to high
temperature in Salvia splendens. Hortic. Environ. Biotechnol. 2014, 55, 271–279. [CrossRef]

52. Li, H.; Zhu, Y.; Hu, Y.; Han, W.; Gong, H. Beneficial effects of silicon in alleviating salinity stress of tomato seedlings grown under
sand culture. Acta Physiol. Plant. 2015, 37, 1–9. [CrossRef]

53. Page, A.L.; Miller, R.H.; Keeney, D.R. Methods of Soil Analysis. Part 2: Chemical and Microbiological Properties, 2nd ed.; American
Society of Agronomy: Madison, WI, USA, 1982. [CrossRef]

54. Carruthers, A.; Oldfield, J. Methods for the assessment of beet quality. Int. Sugar J. 1961, 63, 72–74.
55. Lichtenthaler, H.K. Chlorophylls and Carotenoids: Pigments of Photosynthetic Biomembranes. Methods Enzymol. 1987, 148,

350–382.
56. Turner, N.C.; Kramer, P.J. Adaptation of Plant to Water and High Temperature Stress; Wiley Interscience Pub.: New York, NY, USA,

1980; pp. 207–230.
57. Dionisio-Sese, M.L.; Tobita, S. Antioxidant responses of rice seedlings to salinity stress. Plant Sci. 1998, 135, 1–9. [CrossRef]
58. Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid determination of free proline for water-stress studies. Plant Soil 1973, 39, 205–207. [CrossRef]
59. Du, Z.; Bramlage, W.J. Modified thiobarbituric acid assay for measuring lipid oxidation in sugar-rich plant tissue extracts. J. Agric.

Food Chem. 1992, 40, 1566–1570. [CrossRef]
60. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of

protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]
61. Havir, E.A.; McHale, N.A. Biochemical and Developmental Characterization of Multiple Forms of Catalase in Tobacco Leaves.

Plant Physiol. 1987, 84, 450–455. [CrossRef] [PubMed]
62. Giannopolitis, C.N.; Ries, S.K. Superoxide dismutases: I. Occurrence in higher plants. Plant Physiol. 1977, 59, 309–314. [CrossRef]
63. Singleton, V.L.; Rossi, J.A. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol.

Vitic. 1965, 16, 144–158.
64. A.O.A.C. Official Methods of Analysis of the Association of Official Agricultural Chemists, 16th ed.; Association of Official Analytical

Chemists: Washington, DC, USA, 1995.
65. Jakson, M.L. Soil Chemical Analysis, Prentice Hall of India Private Limited; Prentice-Hall: New Delhe, India, 1976; pp. 1–115.
66. Adam, A.; Farkas, T.; Somlyai, G.; Hevesi, M.; Király, Z. Consequence of O2

·− generation during a bacterially induced hypersen-
sitive reaction in tobacco: Deterioration of membrane lipids. Physiol. Mol. Plant Pathol. 1989, 34, 13–26. [CrossRef]

67. Elstner, E.F.; Heupel, A. Inhibition of nitrite formation from hydroxylammonium chloride: A simple assay for superoxide
dismutase. Anal. Biochem. 1976, 70, 616–620. [CrossRef]

68. Gomez, K.A.; Gomez, A.A. Statistical Procedures for Agricultural Research, 2nd ed.; Wiley Inter Science: New York, NY, USA, 1984;
pp. 1–690.

69. Duncan, B.D. Multiple ranges and multiple F-test. Biometria 1955, 11, 1–42. [CrossRef]
70. El-Darder, A.M.A.; Gamaa, M.A.; Sayed, M.A.; Kamel, M.Z. Water stress effects on yield and Quality of sugar beet crop in sandy

soils. Alex. Sci. Exch. J. 2017, 38, 828–836. [CrossRef]
71. Koentjoro, Y.; Purwanto, E.; Purnomo, D. Stomatal behaviour of soybean under drought stress with silicon application. Ann. Agri

Bio Res. 2020, 25, 103–109.
72. Ashraf, M.; Foolad, M.R. Roles of glycinebetaine and proline in improving plant abiotic stress tolerance. Environ. Exp. Bot. 2007,

59, 206–216. [CrossRef]
73. Foroozesh, P.; Heravan, E.M.; Bihamta, M.R.; Taleghani, D.F.; Habibi, D. Physiological evaluation of sugar beet genotypes under

drought stress. Am. J. Agric. Environ. Sci. 2012, 12, 820–826.
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