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Abstract: We investigated the impact of Bacillus thuringiensis as seed treatment and application with
silicon on lettuce plants exposed to salinity levels (4 dS m~! and 8 dS m~1). Results revealed that
leaves number, head weight, total yield, relative water content (RWC), and chlorophyll a and b
declined considerably due to two salinity levels. Oxidative stress markers, i.e., hydrogen peroxide
(Hp03), superoxide (O, 7), and lipid peroxidation (MDA) dramatically augmented in stressed plants.
On the other hand, leaves number, total yield, RWC, and chlorophyll a, b in stressed lettuce plants
were considerably enhanced because of the application of Si or B. thuringiensis. In contrast, EL%,
MDA, and H,O, were considerably reduced in treated lettuce plants with Si and B. thuringiensis. In
addition, the treatment with Si and B. thuringiensis increased head weight (g) and total yield (ton
hectare-1), and caused up-regulation of proline and catalase, superoxide dismutase, peroxidase, and
polyphenol oxidase activity in lettuce leaves under salinity conditions.
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1. Introduction

Lettuce plants (Lactuca sativa L.) belong to the Asteraceae family. It is an important
and popular vegetable crop grown as an annual plant, which is used as a salad crop. It
is a rich source of vitamins and antioxidants such as vitamins C, carotenoids, and fiber
content [1]. Some studies suggest that lettuce may have originated in the Mediterranean
region [2], it is a very important commercial crop in North and Central America, Asia,
Europe, and Egypt [3]. Japan, China, the U.S.A, Spain, Italy, and India are among the
largest producers [4,5]. Environmental stress factors such as salinity [6-9], drought [10-16],
chilling, and heat stress [17,18] negatively affect crop productivity in many plants. Salinity
is an abiotic harmful stress factor, affecting structure, physiochemical characters, and
the ecology of the soil, as well as the growth and plant yield [19-21]. The total area of
saline and sodic soils was determined (831 million ha) worldwide according to the FAO
report [22]. The salt-affected soils were divided into two main groups according to their
physical, biological, and chemical properties [23]. The first group is saline soil, which
contains large quantities of neutral soluble salts, mainly sodium chloride and sodium
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sulphate, and also contains considerable quantities of calcium chloride and magnesium
chloride. However, the second group is sodic soil, which contains sodium salts capable
of alkaline hydrolysis, mostly Na,COj3. The accumulation of Na* and C1~ ions in the soil
at higher concentrations led to increased salt concentration in soil [24]. All of the growth
and developmental phases are negatively affected by salinity, such as the germination
of seeds, vegetative phase, and flowering phases due to biochemical and physiological
changes in plants in the form the accumulation of solutes at higher concentrations, which,
negatively affect K*/ Na* ratio and nutrient status resulting in oxidative damage [25,26].
Under salinity conditions, chlorophyll concentration, electrolyte leakage, and RWC are
significantly reduced in calendula plants [27], and salinity led to decline leaf area and
number of leaves [7], and led to increased Na* accumulation, reducing the uptake of
nutrients such as nitrogen and potassium [28]. Moreover, salinity is generally associated
with oxidative damage due to ROS accumulation [29] such as super oxide and H,O, which
causes lipid peroxidation in numerous plants under various stress factors [30-35].

Silicon (Si) is a significant element, covering around 28% of the lithosphere, and lately
it has become known as a ‘quasi-essential’ element according to The International Plant
Nutrition Institute [36]. In grasses, the effects of water availability on the silicification
process is stronger than in non-grass species [37]. Si led to improvements in the growth
traits and yield production, particularly under stress conditions [36,38]. Si also led to
mitigating the damaging impact of drought in barley plants [10], faba bean plants [11],
and in sweet pepper due to salinity [36]. Also, silicon may ameliorate the environmental
stresses in the context of legume-rhizobia relationships, resulting in increased resistance
against pathogens and insect antagonists [39].

The application of Si mitigates the injurious impact of salinity on sweet pepper result-
ing in the improvement of morphophysiological characteristics, for example, number of
leaves and chlorophyll (Chl) concentrations, as well as fruits yield [36]. Si can play a major
role in the improvement of plant status through regulating transpiration rates resulting in
improving the photosynthetic rate. Additionally, Si improves the assimilation rate of carbon
dioxide under salinity in sorghum, and also Si alleviates the harmful impacts of salinity on
stomatal conductance of sweet pepper and boosted zinc finger protein expression which,
regulates stomatal movement in the salt stressed rice plants [40-43].

Plant growth-promoting rhizobacteria (PGPR) such as Rhizobium, Azotobacter, Bacil-
lus, and Serratia can be used to increase plant yield under stress and normal conditions by
the production of vitamins, antioxidants, and many phytohormones [44,45]. PGPR led to
improved sweet pepper growth characters and fruit yield under salinity stress [6], addi-
tionally, PGPR can use as biofertilizer [46-49] and as a biocontrol agent [50]. Application
of PGPR can alleviate the damaging impacts of stress and improve the yield production
under stress conditions [51]. Si is an important element in agricultural sustainable pro-
duction, mainly, under salinity conditions. Also, PGPR is a very important method for
improving growth characters under normal and stress conditions. Accordingly, the aim of
our investigation was to study the impact of Bacillus thuringiensis and Si on stimulating
salt tolerance in lettuce plants associated with Chl, RWC, MDA, up-regulation of enzymes
activity, proline contents, and ROS, as well as head yield in lettuce plants under salinity.

2. Results

2.1. Lipid Peroxidation (MDA), Reactive Oxygen Species (O~ and HyO;) and Electrolyte
Leakage (EL%)

It was observed that lettuce plants exposed to salinity stress showed a considerable
increase in MDA (pFW9 and Figure 1A). Plants treated with low (S1) and high (S2) levels of
salinity resulted in 44% and 70% increases in MDA content compared with the control in the
first year, and in the second year the increases were 44% and 87%, respectively. Conversely,
MDA significantly declined in the stressed lettuce plants treated with B. thuringiensis and
Si treatment. Si application significantly decreased MDA content in lettuce at a low salinity
level (14% and 15%) compared with untreated stressed plants at a low level of salinity,
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4 dSm~1!. Also, MDA decreased significantly with Si treatment at a high level of salinity
8 dSm~! (S2; 21% and 20%) compared with untreated stressed plants at high level. B.
thuringiensis led to decreased MDA and gave the best results in MDA content (29% and
30%) at the low level of salinity and (21% and 23%) at the high level, compared to the
untreated plants at low salinity levels in both seasons.

A remarkable increase in super oxide (O, ) and hydrogen peroxide (H,O,) formation
was observed in the exposure lettuce plants to both salinity levels. H,O, was significantly
augmented in stressed lettuce plants (Figure 1B), the high increase was recorded at a high
salinity level (183.2% and 166.19%) in comparison with control in both seasons, respectively.
Conversely, H,O, declined significantly in stressed lettuce plants, consistent with Si and B.
thuringiensis. B. thuringiensis led to reduced H,O, and gave the best results (67.42% and
38.59%) at a low salinity level and (40.50% and 35.97%) at a high level in comparison to
untreated stressed plants in both seasons, respectively.

Additionally, the obtained results in Figure 1C showed that O,~ dramatically in-
creased in the stressed lettuce plants at a low level of salinity (138.6% and 160.59%) and at
a high level (208.16% and 261.79%) compared with control in both seasons, respectively. A
significant decrease in O, was observed according to Si and B. thuringiensis treatments,
silicon application led to a decrease in the level of O, at a high salinity level (38.49%
and 38.2%) in comparison to untreated plants, and also B. thuringiensis treatment led to
decreases in the level of O, with a low salinity level (24.69% and 28.94%) compared with
untreated stressed plants in both seasons, respectively.
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Figure 1. Effect of Si (potassium silicate at 2.7 mmol L~1)and B. thuringiensis on lipid peroxidation (MDA) (A), H,O, (B),
O, (C), and EL (D) in lettuce plants under salinity during two seasons (2019/2020 and 2020/2021). Different letters on
the columns show significant differences between the treatments according to ANOVA, Duncan’s multiple range test at
0.05 level. Data is the mean (+SE) of tree replicates. Salinity 1 (S1): 4 dS m}, Salinity 2 (S2): 8 dS m L.

It is evident from the recorded results in Figure 1D that EL% considerably augmented
in the lettuce stressed plants; the low salinity level led to a significant increase (56.14 and
63.04%) compared to control plants in both seasons. Moreover, the high level of salinity
was more deleteriously effective on EL% (225.75% and 261.85%) compared with control
treatment. However, Si application significantly declined EL% in the stressed lettuce plants
at the low level (33.73% and 42.11%) and the high level (29.5% and 27.67%). Additionally,
B. thuringiensis had a helpful effect and reduced EL% (55.13% and 55.27%) in the stressed
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plants with low salinity level in both seasons. Moreover, B. thuringiensis significantly
declined EL% in the stressed treated plants at high salinity level (33.82% and 28.92%)
compared with lettuce stressed untreated plants at high salinity level in both seasons.

2.2. The Activity of Catalase (CAT), Superoxide Dismutase (SOD), Peroxidase (POX) and
Polyphenol Oxidase (PPO)

CAT, SOD POX, and PPO activity was dramatically augmented in lettuce plants at
both salinity levels (Figure 2A-D). CAT activity significantly increased at a low salinity
level (86.91% and 88.9%) and at high salinity level (158.09% and 161.57%) in compari-
son with control plants in the two seasons. Nevertheless, the application of Si and B.
thuringiensis showed positive impact on lettuce stressed plants and minimize CAT activity.
B. thuringiensis gave a positive response and led to adjusted CAT activity at a low salinity
level (102.36% and 105.06%) compared to untreated stressed plants and at a high level of
salinity (87.44% and 74.19%) compared with untreated plants in both seasons. Additionally,
the treatment with Si and B. thuringiensis led to regulated SOD activity; B. thuringiensis
achieved 28.90% and 32.83% at a low salinity level compared to untreated stressed plants
and (25.72% and 24.83%) at a high level of salinity compared with stressed untreated plants
in both seasons (Figure 2B). Interestingly enough, POX and PPO activity was significantly
elevated under salinity levels compared with control treatment in lettuce plants in both
seasons (Figure 2C,D). However, Si and B. thuringiensis observed helpful impact on lettuce
stressed plants and justified POX and PPO activities. B. thuringiensis gave a positive re-
sponse and led to regulate POX and PPO activities at two levels compared to untreated
stressed plants.
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Figure 2. Effect of Si (potassium silicate at 2.7 mmol L~1) and B. thuringiensis on the activity of CAT (A), SOD (B), POX
(C), and PPO (D) in lettuce plants under salinity during two seasons (2019/2020 and 2020/2021). Different letters on
the columns show significant differences between the treatments according to ANOVA, Duncan’s multiple range test at
0.05 level. Data is the mean (£SE) of tree replicates. Salinity 1 (S1): 4 dS m~!, Salinity 2 (52): 8 dSm~!.
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2.3. Relative Water Content (RWC%) and Proline Content

The data in Figure 3A exhibited that RWC in lettuce plants was significantly declined
under both levels of salinity, the low level led to significant reductions (36.96% and 37.18%)
compared with control plants in the two seasons. Meanwhile, the decrease was higher
under a high level of salinity (48.32% and 48.65%) compared with control treatments in both
seasons. Contrariwise, Si application considerably increased RWC in stressed lettuce plants
at the low level (28.78% and 33.93%) compared with untreated stressed plants in the two
seasons, respectively. Furthermore, RWC was significantly increased with B. thuringiensis
application and recorded the best results with a low salinity level (61.4% and 67.4%) and
under a high salinity level (37.16% and 33.79%) in comparison with stressed untreated
plants and the control treatment.

It is evident from the recorded results in Figure 3B that, proline content significantly
augmented in lettuce plants under two salinity levels, the high level gave the high content
of proline in lettuce plants (123.66% and 100%) compared to the control treatment in
both seasons, respectively. Conversely, the application of Si led to the regulation and
diminishing of the accumulation of proline in stressed plants with a low concentration
of salinity (40.48% and 41.17%) compared with stressed untreated plants in both seasons;
the greatest effect on proline content was achieved with B. thuringiensis as seed treatment
(72.41% and 76.14%) in comparison with stressed untreated plants in the two seasons.
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Figure 3. Effect of Si (potassium silicate at 2.7 mmol L~1) and B. thuringiensis on RWC (A) and proline
content (B) in lettuce plants under salinity during two seasons (2019/2020 and 2020/2021). Different
letters on the columns show significant differences between the treatments according to ANOVA,
Duncan’s multiple range test at 0.05 level. Data is the mean (£SE) of tree replicates. Salinity 1 (S1):
4 dSm~!, Salinity 2 (S2): 8 dSm™1.
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2.4. Ascorbic Acid (AsA)

The results presented in Figure 4 indicated a significant reduction in ascorbic acid
(AsA) in lettuce under two salinity levels (35.71%, 51.39%, and 22.03%, 63.63%) in com-
parison with the control in both seasons, respectively. Conversely, application of Si and B.
thuringiensis displayed a significant increase in ascorbic acid in salt-stressed lettuce plants.
Si led to a significant increase in ascorbic acid in the stressed plants with salinity levels
(54.52%, 59.32% and 31.25%, 52.27%) in the two seasons. Likewise, B. thuringiensis gave the
maximum results of AsA particularly, with the low salinity level (67.85% and 55.25%) in
both seasons, respectively, in comparison with untreated stressed plants and control also.
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Figure 4. Effect of Si (potassium silicate at 2.7 mmol L~!) and B. thuringiensis on Acorbic acid in
lettuce plants under salinity during two seasons (2019/2020 and 2020/2021). Different letters on
the columns show significant differences between the treatments according to ANOVA, Duncan’s
multiple range test at 0.05 level. Data is the mean (+SE) of tree replicates. Salinity 1 (S1): 4 dS m™!
Salinity 2 (52): 8 dSm™.

2.5. Chlorophyll A and B Concentration

Lettuce plants grown at the different salinity levels had significantly reduced chloro-
phyll a and b concentrations (Figure 5A,B). A low salinity level led to significant reduction
in chlorophyll a (41.66% and 42.85%) compared with the control in both seasons, while
the decrease in chlorophyll a was greater under a high salinity level (55.6% and 105.7%)
(Figure 5A). Application of Si and B. thuringiensis induced the increase in chlorophyll a
concentration, B. thuringiensis gave the maximum concentration of chlorophyll a in the
stressed plants with low salinity level (70% and 84.21%) followed by Si treatment (62.5%
and 65.78%) compared with untreated stressed plants.

It is noticeable in Figure 5B that chlorophyll b considerably declined in lettuce stressed
plants; chlorophyll b significantly declined at a low level of salinity (45.36% and 42.85%)
compared with the control treatment in both seasons. Additionally, chlorophyll b was
significantly reduced at the high salinity level (60.82% and 55.02%) in the two seasons.
Nevertheless, Si and B. thuringiensis led to remarkable increases in chlorophyll b. The
best result (91.5% and 81.48%) was achieved with B. thuringiensis treatment in the stressed
plants at low salinity level in comparison with the untreated stressed plants.
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Figure 5. Effect of Si (potassium silicate at 2.7 mmol L1 and B. thuringiensis on chlorophyll a (A)
and chlorophyll b (B) in lettuce plants under salinity during two seasons (2019/2020 and 2020/2021).
Different letters on the columns show significant differences between the treatments according to
ANOVA, Duncan’s multiple range test at 0.05 level. Data is the mean (+SE) of tree replicates. Salinity
1(S1): 4dSm~1, Salinity 2 (S2): 8 dASm~!.

2.6. Number of Leaves, Head Weight and Total Yield

Considerable differences were recorded in number of leaves, head weight, and total
yield of lettuce plants (Figure 6A—C). Our results revealed that both salinity levels (4 dS
m~! and 8 dSm™!) caused a considerable reduction in the number of lettuce leaves in the
first year (24.50% and 32.92%) and in the second year (27.73% and 35.71%) (Figure 6A).
Similarly, head weight was also significantly decreased (30.02%, 52.94% and 31.87%, 56.23%)
compared to the control in each of the two seasons, respectively (Figure 6B). Obtained
results in Figure 6C revealed a statistically significant decrease in total yield (t ha~?!) in
stressed lettuce plants (42.55%, 62.77% and 45.11%, 66.43%) compared with the control
treatment. Nevertheless, B. thuringiensis and Si considerably augmented number of leaves,
head weight (g), and total yield in lettuce plants under saline conditions in comparison
with untreated plants. Under the salinity levels, B. thuringiensis gave the maximum results
and considerably increased number of leaves (26.6% and 26.05%), head weight (39.65%
and 37.9%), and total yield (36.49% and 47.75%) compared with untreated stressed plants
in both seasons.
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Figure 6. Effect of Si (potassium silicate at 2.7 mmol L Y andB. thuringiensis on leaves number (A)
head weight (B) and total yield (C) in lettuce plants under salinity during two seasons (2019/2020
and 2020/2021). Different letters on the columns show significant differences between the treatments
according to ANOVA, Duncan’s multiple range test at 0.05 level. Data is the mean (£SE) of tree
replicates. Salinity 1 (S1): 4 dS m1, Salinity 2 (S2): 8 dS m L.

3. Discussion

In the current study, we provided evidence of Si exogenous application and B.
thuringiensis seed treatment in the mitigation of salt stress effects on lettuce plants. The
exposure of lettuce plants to two different salinity levels (4 dS m~! and 8 dS m~!) showed
harmful effects on number of leaves, head weight, and total yield. This damaging effect of
salinity on these characteristics might be due the impact of salinity on decreasing water
and nutrients uptake from the soil, decreasing the elongation of roots, and cell division in
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shoots, consequently decreasing growth and physiological characteristics [6,7], resulting in
the reduction in morphological characters and total yield in lettuce plants. Also, salinity
may induce ion toxicities such as high Na*, C1~, or sulfate (SO42*) which decrease the
uptake of essential elements like nitrogen, phosphorus, and potassium [52]. The increase
in salinity concentration in soil may result in a reduction in water potential and affect
many biochemical and physiological processes [53]. Similar results have been reported
by Alomran et al. [54] and Kim et al. [55]. Contrariwise, B. thuringiensi and Si application
led to improvements in number of leaves, head weight, and total yield in stressed lettuce
plants. This positive effect of B. thuringiensi and Si could be due to the essential role
of B. thuringiensis in mitigating the adverse effect of salinity by reducing ethylene and
production of indole acetic acid by B. thuringiensis that not only enhanced root elongation
but also increased NPK concentration in stressed plants [56]. In addition, Si application
increased N and P uptake and could regulate the absorption and mobility of N in the plant,
maintaining the optimum level of N and increasing N use efficiency [57], consequently
improving the yield of stressed plants.

Ascorbic acid, chlorophyll a, b, and RWC decreased significantly according to the
adverse effects of salinity. This unfavorable effect of salinity, mainly the high salinity level,
could be due to the harmful impact of salinity on AsA and the reduction of secondary
metabolites [58], decrease in energy transport from PSII to PSI [59], and adverse effect
on the chloroplast structure and formation i salt stressed plants [3]. The injurious impact
of salinity on chlorophyll was also due to the decrease in stomatal movements and the
damage of many biological processes. These results are in harmony with those recorded
by Abdelaal et al. [20] and Islam et al. [60] in stressed sweet pepper plants. Additionally,
salinity adversely affects RWC, which could be due to the detrimental effect of salinity
on the cell wall, increasing the synthesis of stress ethylene, which plays vital role in the
loss of membrane stability and chlorophyllase activation, decreasing osmotic potential
and water status, consequently decreasing RWC % [61,62]. The damaging influence of
salinity on AsA, chlorophyll a, b, and RWC can be mitigated by silicon and seed treatment
with B. thuringiensis. These results, perhaps due to Si, can play a supportive role in
increasing the uptake and concentration of K*, as well as reducing Na+ uptake [17], which
enhances enzyme activity and improves water status, photosynthesis, and RWC [63].
Similarly, the positive role of B. thuringiensis in increasing AsA, chlorophyll a, b, and RWC
in stressed lettuce plants is perhaps due to its valuable effect on root growth and ability
to increase water availability. Also, plant growth promoting rhizobacteria (PGPR) can
produce exopolysaccharides which enhances the soil structure and increases the availability
of soil water [64], improving physiological characters, especially chlorophyll a, b, and RWC,
under stress conditions [65,66].

Salinity stress negatively influenced and significantly increased EL%, proline content
and MDA. This negative impact on EL% is probably due to its injuring effect on the cell
membrane and permeability process. Similar results were recorded by Abdelaal et al. [20].
Treatment of lettuce plants with Si and B. thuringiensis resulted in a decrease in EL%,
proline content, and MDA. This synergistic impact of Si and B. thuringiensis treatment
was probably due to the helpful roles of Si and B. thuringiensis in improvement of the
membrane integrity and the permeability of the plasma membrane. Salinity stress has a
deleterious effect on lettuce plants and increases proline content; proline was significantly
augmented as a response to salinity, and this harmful influence of salinity might be due
to a decrease in the oxidation of proline to glutamate, consequently increasing proline
content [67]. Moreover, the application of Si and seed treatment with B. thuringiensis led to
the adjustment of the osmotic balance and regulation of proline content in stressed lettuce
plants. MDA considerably increased in lettuce plants under low salinity levels, a high
increase was recorded with the high level of salinity, this increase could be due to the fact
that MDA is one of the reactive compounds and a signal for many stresses, particularly
salinity, and causes harmful effects to proteins, lipids, and the electron transport chain [68].
Contrariwise, the stressed lettuce plants indicated a significant reduction in MDA because
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of the application of SI and seed treatment with B. thuringiensis. This helpful effect in
decreasing MDA could be due to the role of Si and B. thuringiensis in improving phenol
content and enzyme activity, which protects proteins and lipids from oxidative stress and
reduces MDA formation in the stressed lettuce plants. These results are in accordance
with those recorded by Sharma et al. [69]. Also, Si application can decrease the tocopherol
radical and oxidative damage in the plant cells, and consequently increase a-tocopherol,
which may neutralize MDA content by decreasing reactive oxidative anions and helped to
stabilize membrane integrity [70].

It is well known that antioxidant enzymes play a crucial role in plant tolerance to
stress. In the present study, we found that CAT, SOD, POX, and PPO were accumulated
significantly in the stressed lettuce plants, and this accumulation is an important approach
that helps plants to deal with numerous stresses and as the main scavenging enzymes
involved in ROS scavenging in several plants [20,34,36]. Moreover, application of SI and B.
thuringiensis led to adjusted CAT, SOD, POX, and PPO activity in stressed lettuce plants.
The significant effect of B. thuringiensis, perhaps due to the production of growth substances
such as auxin, cytokinin, and nutrient availability, as well as the upregulation of essential
enzymes [65]. Interestingly enough, Si application can activate the plant defenses by
boosting the activity of enzymes CAT, SOD, POX, and PPO, whic, scavenge ROS and
protect the cells from oxidative damage [71].

A very important signal under salinity stress conditions is ROS generation, which
causes membrane disturbance and increases EL% and MDA. Under the two salinity levels,
the excessive accumulation of O, and H,O, was recorded in lettuce plants; this accumu-
lation of reactive compounds can cause oxidative stress to lipids, proteins, and nucleic
acids [65]. Also, the increase of reactive oxygen species was recorded under drought stress
in sugar beet plants [72]. Nonetheless, the harmful impact of salinity was overcome by
Si application and B. thuringiensis, which reflect a significant reduction in O~ and HyO,
levels. Therefore, it is possible that seed treatment with B. thuringiensis can obstruct ROS
formation by adjusting enzymatic and non-enzymatic antioxidants. Also, B. thuringiensis
was reported to counteract the oxidative stress of ROS under saline conditions in sweet pep-
per and keep the cell membrane from being damaged [6]. Additionally, Si application led to
mitigation of the harmful influence of salinity in lettuce plants and significantly decreased
the levels of O, and HyO;, because Si plays a vital role as an anti-stress compound [71,73].
In summary, salinity stress caused a reduction in number of leaves, head weight, total yield
of lettuce plants, and increase in EL%, MDA, and reactive oxygen species. Nonetheless, the
application of Si and seed treatment with B. thuringiensis led to mitigation of the harmful
influence of salinity by increasing the photosynthesis process and RWC, and regulating
proline content and enzyme activity in stressed lettuce plants.

4. Materials and Methods
4.1. Experimental Designe and Plant Materials

The experiments were performed in pots at Kafrelsheikh Univ., Botany Dept. during
2019/2020 and 2020/2021 seasons, to examine the effect of Bacillus thuringiensis MH161336
106-8 CFU/cm? as seed treatment and Si (potassium silicate at 2.7 mmol L~?) as foliar spray
on lettuce under the different salinity levels (4 dS m~! and 8 dS m~!). The biochemical
and physiological characteristics were performed at the EPECRS Excellence Center and
PPBL Lab., Kafrelsheikh University. The seeds of lettuce (Lactuca sativa L.) cv. SUSANA
were arranged in three groups; one of them was treated with B. thuringiensis and the other
two went without treatments. The seeds were surface sterilized for 5 min by sodium
hypochlorite 2.5%, 70% ethanol for 1 min, and then washed with distilled water four
times. B. thuringiensis MH161336, the final concentration of Bacterial cultures was 1068
CFU/cm?3 [42], seeds were kept at room temperature for 6 h and then sown in trays in the
nursery on the 17 and 19t of September in both seasons, respectively. The transplanting
was done in pots 40 cm in diameter fifty six days after the sowing, each pot having two
plants. The plants were divided into three collections (control, B. thuringiensis treatment,
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potassium silicate at 2.7 mmol L~1). Saline water with two salinity levels (4 dS m~! and
8 dS m~!) from NaCl was used to irrigate the plants and the group with Si was treated
with potassium silicate at 2.7 mmol L~! twice, 15 and 30 days after transplanting. Fertilizer
containing nitrogen, phosphorus, and potassium (NPK) (48:72:48 kg ha~!) was used in one
dose before transplanting. The treatments were arranged in a completely randomized de-
sign with three replications and the samples were selected for morphological, biochemical,
and physiological studies at 60 days from transplanting, while head weight and plant and
total yield were calculated at 80 days from transplanting.

4.2. Biochemical and Physiological Characters
4.2.1. Lipid Peroxidation (MDA) Determination

Lipid peroxidation was assayed as malondialdehyde (MDA) at 532 and 600 nm using
spectrophotometer. MDA (umol g’l FW) =[6.45 x (A532 — A600) — (0.56 x A450)] x
V~IW, where V = volume (cm3); W = weight (g) [74].

4.2.2. Hydrogen Peroxide (H,O,) and Superoxide (O, ™)

Lettuce leaves were infiltrated with 10 mM potassium salicylate buffer containing
0.1% (w/v) NBT or 0.1 w/v % DAB. HyO, and O, were assayed as arbitrary units using
the method of Huckelhoven et al. [75].

4.2.3. Electrolyte Leakage Assay (EL%)

Ten fresh leaf discs (1 cm?) of lettuce were placed into bottles in 25 cm?® deionized
water. Bottles were shaken for 20 h, electrical conductivity was recorded for each, and then
flasks were heated (80 °C) for 1 h, and the samples were shaken again (at 21 °C) for 20 h.
Final conductivity was calculated for each flask. Electrolyte leakage % was calculated with
the following formula: initial/final conductivity x 100 [76].

4.2.4. Enzymes Assay

Frozen lettuce leaves were used for protein extraction; the frozen leaves were ground
in liquid nitrogen using ice cold mortar and pestle. Protein was extracted according to
Bradford [77]. Enzyme activity was assayed in supernatant; CAT activity was assayed
using spectrophotometer at 240 nm based on the rate of HyO, consumption as pmol min !
mg protein ! [78]. A SOD activity was measured at 560 nm as pmol min~! mg protein !
according to Giannopolitis and Ries [79]. Peroxidase (POX) activity was assayed as de-
scribed by Hammerschmidt et al. [80]. Polyphenol oxidase (PPO) activity was assayed
according to the method described by Malik and Singh [81].

4.2.5. Relative Water Content (RWC%)

Twenty fresh leaf discs of lettuce were taken to determine RWC, RWC% was calculated
as follows: RWC = (FW — DW)/(TW — DW) x 100 [82].

4.2.6. Determination of Proline

Proline in fresh lettuce leaves was determined using a spectrophotometer at 520 nm
and calculated as pg g~! FW [83].

4.2.7. Determination of Ascorbic Acid

Samples of leaves were taken at the harvesting date to determine ascorbic acid (AsA)
(vitamin C mg 100 g~! FW) according to the Association of Official Analysis Chemists
(A.O.AC) [84].

4.2.8. Chlorophyll A and B Determination

The extraction from fresh leaves was prepared using N-N Dimethyl formamide and
the chlorophyll a and b was determined at 647 and 664 nm using a spectrophotometer [85].
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4.3. Morphological and Head Yield Characters

Number of leaves, head weight, and total yield were recorded.

4.4. Statistical Analysis

The results were statistically analyzed using ANOVA procedures [86] using the
MSTAT-C statistical software package. Duncan was used to compare the means between
treatments [87] when the difference was significant (p < 0.05).

5. Conclusions

Our results offer insights into the possible efficiency of B. thuringiensis as a seed
treatment and Si (potassium silicate at 2.7 mmol L~!) as a foliar application in the alleviation
of the deleterious impacts of salinity in lettuce plants and to increase yield production.
These treatments cause increases in the number of leaves, chlorophyll a and b, and RWC,
as well as total yield under the salinity levels. On the other side, the stress signals such
as ROS (O, and H,0,), MDA, and EL% were reduced considerably in stressed lettuce
plants as a positive effect of these treatments. Therefore, we recommend the application of
Si as a foliar application and B. thuringiensis as a seed treatment to mitigate the adverse
impact of salinity on lettuce plants by improving the antioxidant system and improving
plant production in the agro-biological system.

Author Contributions: Conceptualization, K.A. (Khaled Abdelaal), K.A. (Kotb Attia) and Y.H.;
methodology, K.A. (Khaled Abdelaal), Y.H.; software, K.A. (Khaled Abdelaal), K.A. (Kotb Attia), Y.H.;
validation, K.A. (Khaled Abdelaal), Y.H.; formal analysis, K.A. (Khaled Abdelaal), K.A. (Kotb Attia),
M.A., YH., M.H,; investigation, K.A. (Khaled Abdelaal), Y.H.; resources, K.A. (Khaled Abdelaal), K.A.
(Kotb Attia), Y.H., M.H.; data curation, K.A. (Khaled Abdelaal), K.A. (Kotb Attia), YH., M.A.M.A_;
writing—original draft preparation, K.A. (Khaled Abdelaal), K.A. (Kotb Attia), Y.H., T.A.-A. and
M.H.; writing—review and editing, K.A. (Khaled Abdelaal), K.A. (Kotb Attia), M.A., M. AM.A.,,
T.A.-A. and M.H. funding acquisition, K.A. (Khaled Abdelaal), K.A. (Kotb Attia), M.A.,, M.\ AM.A.,
Y.H., T A.-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.
Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors extend their appreciation to 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. Llorach, R.; Martinez-Sanchez, A.; Tomas-Barberan, F.A.; Gil, M.L; Ferreres, F. Characterization of polyphenols and antioxidant
properties of five lettuce varieties and escarole. Food Chem. 2008, 108, 1028-1038. [CrossRef]

2. Harlan, J. Lettuce and the sycomore: Sex and romance in ancient Egypt. Econ. Bot. 1986, 40, 4-15. [CrossRef]

3. Li, Z; Zhao, X,; Sandhu, A K,; Gu, L. Effects of exogenous abscisic acid on yield, antioxidant capacities, and phytochemical
contents of greenhouse grown lettuces. J. Agric. Food Chem. 2010, 58, 6503—-6509. [CrossRef]

4.  Lebeda, A.; Ryder, EJ.; Grube, R,; DoleZalovA, 1.; KRIstkovA, E. Lettuce (Asteraceae; Lactuca spp-)- In Genetic Resources,
Chromosome Engineering, and Crop Improvement, Vegetable Crops; Singh, R.J., Ed.; CRC Press: Boca Raton, FL, USA, 2007; Volume 3,
pp. 377-472.

5. Mou, B. Lettuce. In Handbook of Plant Breeding. Vegetables I. Asteraceae, Brassicaceae, Chenopodiaceae, and Cucurbitaceae; Prohens, J.,
Nuez, F, Eds.; Springer Science: New York, NY, USA, 2008; pp. 75-116.

6. ALKahtani, M.D.F,; Kotb, A.; Hafez, YM.; Khan, N.; Eid, AM.; Ali, M.A.M.; Abdelaal, K.A.A. Chlorophyll Fluorescence

Parameters and Antioxidant Defense System Can Display Salt Tolerance of Salt Acclimated Sweet Pepper Plants Treated with
Chitosan and Plant Growth Promoting Rhizobacteria. Agronomy 2020, 10, 1180. [CrossRef]


http://doi.org/10.1016/j.foodchem.2007.11.032
http://doi.org/10.1007/BF02858936
http://doi.org/10.1021/jf1006962
http://doi.org/10.3390/agronomy10081180

Plants 2021, 10, 1025 13 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.
30.

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

Hafez, Y.; Elkohby, W.; Mazrou, Y.S.A.; Ghazy, M.; Elgamal, A.; Abdelaal, K.A. Alleviating the detrimental impacts of salt stress
on morpho-hpysiological and yield characters of rice plants (Oryza sativa L.) using actosol, Nano-Zn and Nano-5Si. Fresenius
Environ. Bull. 2020, 29, 6882—-6897.

El-Banna, M.E.; Abdelaal, K.A.A. Response of Strawberry Plants Grown in the Hydroponic System to Pretreatment with H,O,
before Exposure to Salinity Stress. J. Plant Prot. Mansoura Univ. 2018, 9, 989-1001. [CrossRef]

Abdelaal, K.A.A.; Attia, K.A.; Alamery, S.F; El-Afry, M.M.; Ghazy, A.l; 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]
Abdelaal, K.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. Mansoura Univ. 2015, 6, 1771-1788. [CrossRef]

Abdelaal, K.A.; Hafez, YM.; El-Afry, 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]

Hafez, Y.; Attia, K.; Alamery, S.; Ghazy, A.; Al-Doss, A.; Ibrahim, E.; Rashwan, E.; El-Maghraby, L.; Awad, A.; Abdelaal, K.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]

Abdelaal, K.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.
Abdelaal, K.A A ; Rashed, S.H.; Ragab, A.; Hossian, A.; El Sabagh, A. Yield and quality of two sugar beet (Beta vulgaris L. ssp.
vulgaris var. altissima Doll) cultivars are influenced by foliar application of salicylic Acid, irrigation timing, and planting density.
Acta Agric. Slov. 2020, 115, 239-248. [CrossRef]

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. Frese-
nius Environ. Bull. 2021, 30, 2554-2565.

Elkelish, A.; Qari, S.H.; Mazrou, Y.M.; Abdelaal, K.A.; Hafez, Y.M.; Abu-Elsaoud, A.M.; Batiha, G.; El-Esawi, M.; El Nahhas,
N. Exogenous Ascorbic Acid Induced Chilling Tolerance in Tomato Plants Through Modulating Metabolism, Osmolytes,
Antioxidants, and Transcriptional Regulation of Catalase and Heat Shock Proteins. Plants 2020, 10, 431. [CrossRef]

EL Sabagh, A.; Hossain, A.; Barutcular, C.; Islam, M.S.; Awan, S.I.; Galal, A.; Igbal, 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]

Al Murad, M.; Khan, A.; Muneer, S. Silicon in Horticultural Crops: Cross-talk, Signaling, and Tolerance Mechanism under Salinity
Stress. Plants 2020, 9, 460. [CrossRef]

Abdelaal, K.A.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 2020, 10, 26. [CrossRef]

Helaly, M.N.; Mohammed, Z.; El-Shaeery, N.I.; Abdelaal, K.A.A.; Nofal, I.LE. Cucumber grafting onto pumpkin can represent an
interesting tool to minimize salinity stress. Physiological and anatomical studies. Middle East |. Agric. Res. 2017, 6, 953-975.
FAO. Available online: http:/ /www.fao.org/soils-portal /soil-management/management-of-some-problem-soils/saltaffected-
soils/more-information-on-salt-affected-soils/en/ (accessed on 5 August 2017).

Szabolcs, 1. Salt Affected Soils in Europe; Martinus Nijhoff: The Hague, The Netherlands, 1974; 63p.

Ismail, A.; Takeda, S.; Nick, P. Life and death under salt stress: Same players, different timing? J. Exp. Bot. 2014, 65, 2963-2979.
[CrossRef]

Golldack, D.; Liiking, I.; Yang, O. Plant tolerance to drought and salinity: Stress regulating transcription factors and their
functional significance in the cellular transcriptional network. Plant Cell Rep. 2011, 30, 1383-1391. [CrossRef] [PubMed]
Rehman, S.; Abbas, G.; Shahid, M.; Saqib, M.; Farooq, A.B.U.; Hussain, M.; Murtaza, B.; Amjad, M.; Naeem, M.A; Farooq, A.E.
Effect of salinity on cadmium tolerance, ionic homeostasis and oxidative stress responses in conocarpus exposed to cadmium
stress: Implications for phytoremediation. Ecotoxicol. Environ. Saf. 2019, 171, 146-153. [CrossRef] [PubMed]

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

Carmen, B.; Roberto, D. Soil bacteria support and protect plants against abiotic stresses. In Abiotic Stress in Plants Mechanisms and
Adaptations; Shanker, A., Ed.; Pub. In Tech: London, UK, 2011; pp. 143-170.

Isayenkov, S.V.; Maathuis, FJ. Plant salinity stress: Many unanswered questions remain. Front. Plant Sci. 2019, 10, 80. [CrossRef]
Abdelaal, K.A.; Hafez, YM.; 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. EQypt. ]. Biol.
Pest Control 2014, 24, 421-429.


http://doi.org/10.21608/jpp.2018.36617
http://doi.org/10.3390/su12051736
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
http://doi.org/10.3390/plants9040431
http://doi.org/10.15666/aeer/1704_83078332
http://doi.org/10.3390/plants9040460
http://doi.org/10.3390/agronomy10010026
http://www.fao.org/soils-portal/soil-management/management-of-some-problem-soils/saltaffected-soils/more-information-on-salt-affected-soils/en/
http://www.fao.org/soils-portal/soil-management/management-of-some-problem-soils/saltaffected-soils/more-information-on-salt-affected-soils/en/
http://doi.org/10.1093/jxb/eru159
http://doi.org/10.1007/s00299-011-1068-0
http://www.ncbi.nlm.nih.gov/pubmed/21476089
http://doi.org/10.1016/j.ecoenv.2018.12.077
http://www.ncbi.nlm.nih.gov/pubmed/30599432
http://doi.org/10.21608/sjfop.2020.135166
http://doi.org/10.3389/fpls.2019.00080

Plants 2021, 10, 1025 14 of 16

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

Abdelaal, K.A.; Omara, I.R.; Hafez, YM.; 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.

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]

Omara, R.I; ElI-Kot, G.A.; Fadel, EM.; Abdelaal, K.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]

Hafez, YM.; Abdelaal, K.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. Path. Mansoura Univ. 2015, 6, 431-454. [CrossRef]

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.
Abdelaal, K.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]

Katz, O.; Puppe, D.; Kaczorek, D.; Prakash, N.B.; Schaller, J. Silicon in the soil-plant continuum: Intricate feedback mechanisms
within ecosystems. Plants 2021, 10, 652. [CrossRef]

Katz, O. Beyond grasses: The potential benefits of studying silicon accumulation in non-grass species. Front. Plant Sci. 2014, 5, 376.
[CrossRef]

Putra, R.; Powell, ].F,; Hartley, S.E.; Johnson, S.N. Is it time to include legumes in plant silicon research? Funct. Ecol. 2020, 34,
1142-1157. [CrossRef]

Liu, B.; Soundararajan, P.; Manivannan, A. Mechanisms of silicon-mediated amelioration of salt stress in plants. Plants 2019, 8,
307. [CrossRef]

Yin, L.; Wang, S.; Li, ].; Tanaka, K.; Oka, M. Application of silicon improves salt tolerance through ameliorating osmotic and ionic
stresses in the seedling of Sorghum bicolor. Acta Physiol. Plant. 2013, 35, 3099-3107. [CrossRef]

Manivannan, A.; Soundararajan, P.; Muneer, S.; Ko, C.H.; Jeong, B.R. Silicon mitigates salinity stress by regulating the physiology,
antioxidant enzyme activities, and protein expression in Capsicum annuum ‘Bugwang’. Biomed. Res. Int. 2016, 2016, 3076357.
[CrossRef]

Huang, X.Y.; Chao, D.Y,; Gao, J.P.; Zhu, M.Z.; Shi, M,; Lin, H.X. A previously unknown zinc finger protein, DST, regulates drought
and salt tolerance in rice via stomatal aperture control. Genes Dev. 2009, 23, 1805-1817. [CrossRef]

Khan, N.; Bano, A.M.; Babar, A. Impacts of plant growth promoters and plant growth regulators on rainfed agriculture.
PLoS ONE 2020, 15, €0231426. [CrossRef]

Zhao, S.; Zhou, N.; Zhao, Z.Y.; Zhang, K.; Wu, G.H.; Tian, C.Y. Isolation of endophytic plant growth-promoting bacteria associated
with the halophyte Salicornia europaea and evaluation of their promoting activity under salt stress. Curr. Microbiol. 2016, 73,
574-581. [CrossRef]

Mayak, S.; Tirosh, T.; Glick, B.R. Plant growth-promoting bacteria that confer resistance in tomato plants to salt stress. Plant
Physiol. Biochem. 2004, 42, 565-572. [CrossRef] [PubMed]

Abdelaal, K.A.; Tawfik, S.F. Response of Sugar Beet Plant (Beta vulgaris L.) to Mineral Nitrogen Fertilization and Bio-Fertilizers.
Int. J. Curr. Microbiol. Appl. Sci. 2015, 4, 677-688.

Abdelaal, K.A.; Badawy, S.A.; Abdel Aziz, R.M.; Neana, S.M.M. Effect of mineral nitrogen levels and biofertilizer on morpho-
physiological characters of three sweet sorghum varieties (Sorghum bicolor L. Moench). J. Plant Prod. Mansoura Univ. 2015, 6,
189-203.

Abdelaal, K.A. Pivotal Role of Bio and Mineral Fertilizer Combinations on Morphological, Anatomical and Yield Characters of
Sugar Beet Plant (Beta vulgaris L.). Middle East |. Agric. Res. 2015, 4, 717-734.

Hafez, YM.; Attia, K.; Kamel, S.; Alamery, S.; EI-Gendyd, S.; Al-Doss, A.; Mehiar, F.; Ghazy, A.; Abdelaal, K.A.A. Bacillus subtilis
as a bio-agent combined with nano molecules can control powdery mildew disease through histochemical and physiobiochemical
changes in cucumber plants. Physiol. Mol. Plant Pathol. 2020, 111, 101489. [CrossRef]

Khan, N.; Bano, A.; Ali, S.; Babar, M.A. Crosstalk amongst phytohormones from planta and PGPR under biotic and abiotic
stresses. Plant Growth Regul. 2020, 90, 189-203. [CrossRef]

Zhu, J.K. Plant salt tolerance. Trends Plant Sci. 2001, 6, 66—71. [CrossRef]

Romero-Aranda, R.; Soria, T.; Cuartero, S. Tomato plant-water uptake and plant-water relationships under saline growth
conditions. Plant Sci. 2001, 160, 265-272. [CrossRef]

Alomran, A.M.; Al-Harbi, A.A.R.; WahbAllah, M.A.; Alwabel, M.A.; Nadeem, M.E.A.; Al-Eter, A. Management of Irrigation
Water Salinity in Greenhouse Tomato Production under Calcareous Sandy Soil and Drip Irrigation. J. Agric. Sci. Technol. 2012, 14,
939-950.

Kim, H.J.; Fonseca, ].M.; Choi, ]. H.; Kubota, C.; Kwon, D.Y. Salt in Irrigation Water Affects the Nutritional and Visual Properties
of Romaine lettuce (Lactuca sativa L.). ]. Agric. Food Chem. 2008, 56, 3772-3776. [CrossRef]

Zafar-ul-Hye, M.; Danish, S.; Abbas, M.; Ahmad, M.; Munir, T. ACC-deaminase producing PGPR Agrobacterium fabrum
and Bacillus amyloliquefaciens along with biochar improve wheat productivity under drought stress. Agronomy 2019, 9, 343.
[CrossRef]


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/10.3390/plants10040652
http://doi.org/10.3389/fpls.2014.00376
http://doi.org/10.1111/1365-2435.13565
http://doi.org/10.3390/plants8090307
http://doi.org/10.1007/s11738-013-1343-5
http://doi.org/10.1155/2016/3076357
http://doi.org/10.1101/gad.1812409
http://doi.org/10.1371/journal.pone.0231426
http://doi.org/10.1007/s00284-016-1096-7
http://doi.org/10.1016/j.plaphy.2004.05.009
http://www.ncbi.nlm.nih.gov/pubmed/15246071
http://doi.org/10.1016/j.pmpp.2020.101489
http://doi.org/10.1007/s10725-020-00571-x
http://doi.org/10.1016/S1360-1385(00)01838-0
http://doi.org/10.1016/S0168-9452(00)00388-5
http://doi.org/10.1021/jf0733719
http://doi.org/10.3390/agronomy9070343

Plants 2021, 10, 1025 15 of 16

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.
82.

83.

84.

Rezazadeh, A.; Ghasemzadeh, A.; Brani, M.; Telmadarrehei, T. Effect of salinity on phe-nolic composition and antioxidant activity
of Artichoke (Cynara scolymus L.) leaves. ]. Med. Plants Res. 2012, 6, 245-252. [CrossRef]

Wang, W.; Wang, C.; Pan, D.; Zhang, Y.; Luo, B.; Ji, ]. Effects of drought stress on photosynthesis and chlorophyll fluorescence
images of soybean (Glycine max) seedlings. Int. |. Agric. Biol. Eng. 2018, 11, 196-201. [CrossRef]

Islam, M.Z.; Park, B.; Lee, Y. Effect of salinity stress on bioactive compounds and antioxidant activityof wheat microgreen extract
under organic cultivation conditions. Int. J. Biol. Macromol. 2019, 140, 631-636. [CrossRef]

Wang, Y.; Nil, N. Changes in chlorophyll, ribulose biphosphate carboxylase-oxygenase, glycine betaine content, photosynthesis
and transpiration in Amaranthus tricolor leaves during salt stress. J. Hortic. Sci. Biotechnol. 2000, 75, 623-627. [CrossRef]
Parvin, K.; Hasanuzzaman, M.; Bhuyan, M.H.M.B.; Nahar, K.; Mohsin, S.M.; Fujita, M. Comparative Physiological and Biochemi-
cal Changes in Tomato (Solanum lycopersicum L.) under Salt Stress and Recovery: Role of Antioxidant Defense and Glyoxalase
Systems. Antioxidants 2019, 8, 350. [CrossRef]

Shahid, M.; Balal, R.; Pervez, M.; Abbas, T.; Ageel, M.; Javaid, M.; Garcia-Sanchez, F. Foliar spray of phyto-extracts supplemented
with silicon: An efficacious strategy to alleviate the salinity-induced deleterious effects in pea (Pisum sativum L.). Turk. ]. Bot.
2015, 39, 408—419. [CrossRef]

Naseem, H.; Ahsan, M.; Shahid, M.A.; Khan, N. Exopolysaccharides producing rhizobacteria and their role in plant growth and
drought tolerance. J. Basic. Microbiol. 2018, 58, 1009-1022. [CrossRef] [PubMed]

Shah, G.; Jan, M.; Afreen, M.; Anees, M.; Rehman, S.; Daud, M.K.; Malook, I.; Jamil, M. Halophilic bacteria mediated phytoreme-
diation of salt-affected soils cultivated with rice. J. Geochem. Explor. 2017, 174, 59-65. [CrossRef]

ALKahtani, M.D.F,; Fouda, A.; Attia, K.; Al-Otaibi, F.; Eid, A.M.; Ewais, E.; Hijri, M.; St-Arnaud, M.; Hassan, S.; Khan, N.; et al.
Isolation and Characterization of Plant Growth Promoting Endophytic Bacteria from Desert Plants and Their Application as
Bioinoculants for Sustainable Agriculture. Agronomy 2020, 10, 1325. [CrossRef]

Egamberdieva, D.; Davranov, K.; Wirth, S.; Hashem, A.; Abd_Allah, E.F. Impact of soil salinity on the plant-growth—Promoting
and biological control abilities of root associated bacteria. Saudi J. Biol. Sci. 2017, 24, 1601-1608. [CrossRef] [PubMed]

Savant, N.; Snyder, G.; Datnoff, L. Silicon management and sustainable rice production. Adv. Agron. 1996, 58, 151-199.

Islam, F.; Yasmeen, T; Ali, S.; Ali, B.; Farooq, M.A.; Gill, R.A. Priming induced antioxidative responses in two wheat cultivars
under saline stress. Acta Physiol. Plant. 2015, 37, 153. [CrossRef]

Sharma, I.P; Sharma, A K. Physiological and biochemical changes in tomato cultivar PT-3 with dual inoculation of mycorrhiza
and PGPR against root-knot nematode. Symbiosis 2017, 71, 175-183. [CrossRef]

Palin, S.; Biswas, A.K. Silicon nutrition modulates arsenic-inflicted oxidative overload and thiol metabolism in wheat (Triticum
aestivum L.) seedlings. Environ. Sci. Pollut. Res. 2020, 27, 45209-45224. [CrossRef]

Dwivedi, S.; Kumar, A.; Mishra, S.; Sharma, P,; Sinam, G.; Bahadur, L.; Goyal, V.; Jain, N.; Tripathi, R.D. Orthosilicic acid (OSA)
reduced grain arsenic accumulation and enhanced yield by modulating the level of trace element, antioxidants, and thiols in rice.
Environ. Sci. Pollut. Res. 2020, 27, 24025-24038. [CrossRef]

AlKahtani, M.D.E; Hafez, Y.M.; Attia, K.; Rashwan, E.; Husnain, L.A.; AlGwaiz, H.1.M.; Abdelaal, K.A.A. Evaluation of Silicon
and Proline Application on the Oxidative Machinery in Drought-Stressed Sugar Beet. Antioxidants 2021, 10, 398. [CrossRef]
Kafi, M.; Nabati, J.; Ahmadi-Lahijani, M.].; Oskoueian, A. Silicon Compounds and Potassium Sulfate Improve Salinity Tolerance
of Potato Plants through Instigating the Defense Mechanisms, Cell Membrane Stability, and Accumulation of Osmolytes. Commun.
Soil Sci. Plant Anal. 2021, 52, 843-858. [CrossRef]

Davenport, S.B.; Gallego, S.M.; Benavides, M.P,; Tomaro, M.L. Behavior of antioxidant defense system in the adaptive response to
salt stress in Helianthus annuus L. cells. Plant Growth Regul. 2003, 40, 81-88. [CrossRef]

Huckelhoven, R.; Fodor, J.; Preis, C.; Kogel, K.H. Hypersensitive cell death and papilla formation in barley attacked by the
powdery mildew fungus are associated with hydrogen peroxide but not with salicylic acid accumulation. Plant Physiol. 1999, 119,
1251-1260. [CrossRef]

Szalai, G.; Janda, T.; Padi, E.; Szigeti, Z. Role of light in post-chilling symptoms in maize. J. Plant Physiol. 1996, 148, 378-383.
[CrossRef]

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]

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]

Giannopolitis, C.N.; Ries, S.K. Superoxide dismutases: I. Occurrence in higher plants. Plant Physiol. 1977, 59, 309-314. [CrossRef]
Hammerschmidt, R.; Nuckles, E.M.; Ku¢, J. Association of enhanced peroxidase activity with induced systemic resistance of
cucumber to Colletotrichum lagenarium. Physiol. Plant Pathol. 1982, 20, 73-82. [CrossRef]

Malik, C.P,; Singh, M.B. Plant Enzymology and Histoenzymology; Kalyani Publishers: Delhi, India, 1980; pp. 54-56.

Sanchez, FJ.; de Andrés, E.F,; Tenorio, J.L.; Ayerbe, L. Growth of epicotyls, turgor maintenance and osmotic adjustment in pea
plants (Pisum sativum L.) subjected to water stress. Field Crop. Res. 2004, 86, 81-90. [CrossRef]

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]

A.O.A.C. (Association of Official Analysis Chemists). Official Methods of Analysis, 4th ed.; AOAC: Arlington, VA, USA, 1984.


http://doi.org/10.3923/rjmp.2012.245.252
http://doi.org/10.25165/j.ijabe.20181102.3390
http://doi.org/10.1016/j.ijbiomac.2019.08.090
http://doi.org/10.1080/14620316.2000.11511297
http://doi.org/10.3390/antiox8090350
http://doi.org/10.3906/bot-1406-84
http://doi.org/10.1002/jobm.201800309
http://www.ncbi.nlm.nih.gov/pubmed/30183106
http://doi.org/10.1016/j.gexplo.2016.03.011
http://doi.org/10.3390/agronomy10091325
http://doi.org/10.1016/j.sjbs.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/29062259
http://doi.org/10.1007/s11738-015-1897-5
http://doi.org/10.1007/s13199-016-0423-x
http://doi.org/10.1007/s11356-020-10369-z
http://doi.org/10.1007/s11356-020-08663-x
http://doi.org/10.3390/antiox10030398
http://doi.org/10.1080/00103624.2020.1869768
http://doi.org/10.1023/A:1023060211546
http://doi.org/10.1104/pp.119.4.1251
http://doi.org/10.1016/S0176-1617(96)80269-0
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1104/pp.84.2.450
http://www.ncbi.nlm.nih.gov/pubmed/16665461
http://doi.org/10.1104/pp.59.2.309
http://doi.org/10.1016/0048-4059(82)90025-X
http://doi.org/10.1016/S0378-4290(03)00121-7
http://doi.org/10.1007/BF00018060

Plants 2021, 10, 1025 16 of 16

85. Moran, R. Formulae for Determination of Chlorophyllous Pigments Extracted with N,N-Dimethylformamide. Plant Physiol.
1982, 69, 1376-1381. [CrossRef]

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

87.  Duncan, B.D. Multiple ranges and multiple F-test. Biometrics 1955, 11, 1-42. [CrossRef]


http://doi.org/10.1104/pp.69.6.1376
http://doi.org/10.2307/3001478

	Introduction 
	Results 
	Lipid Peroxidation (MDA), Reactive Oxygen Species (O2- and H2O2) and Electrolyte Leakage (EL%) 
	The Activity of Catalase (CAT), Superoxide Dismutase (SOD), Peroxidase (POX) and Polyphenol Oxidase (PPO) 
	Relative Water Content (RWC%) and Proline Content 
	Ascorbic Acid (AsA) 
	Chlorophyll A and B Concentration 
	Number of Leaves, Head Weight and Total Yield 

	Discussion 
	Materials and Methods 
	Experimental Designe and Plant Materials 
	Biochemical and Physiological Characters 
	Lipid Peroxidation (MDA) Determination 
	Hydrogen Peroxide (H2O2) and Superoxide (O2-) 
	Electrolyte Leakage Assay (EL%) 
	Enzymes Assay 
	Relative Water Content (RWC%) 
	Determination of Proline 
	Determination of Ascorbic Acid 
	Chlorophyll A and B Determination 

	Morphological and Head Yield Characters 
	Statistical Analysis 

	Conclusions 
	References

