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Abstract: Arsenic is a toxic metal abundantly present in agricultural, industrial, and pesticide
effluents. To overcome arsenic toxicity and ensure safety for plant growth, silicon (Si) can play
a significant role in its mitigation. Here, we aim to investigate the influence of silicon on date
palm under arsenic toxicity by screening antioxidants accumulation, hormonal modulation, and
the expression profile of abiotic stress-related genes. The results showed that arsenic exposure (As:
1.0 mM) significantly retarded growth attributes (shoot length, root length, fresh weight), reduced
photosynthetic pigments, and raised reactive species levels. Contrarily, exogenous application of
Si (Na2SiO3) to date palm roots strongly influenced stress mitigation by limiting the translocation
of arsenic into roots and shoots as compared with the arsenic sole application. Furthermore, an
enhanced accumulation of polyphenols (48%) and increased antioxidant activities (POD: 50%, PPO:
75%, GSH: 26.1%, CAT: 51%) resulted in a significant decrease in superoxide anion (O2

•−: 58%) and
lipid peroxidation (MDA: 1.7-fold), in silicon-treated plants, compared with control and arsenic-
treated plants. The Si application also reduced the endogenous abscisic acid (ABA: 38%) under normal
conditions, and salicylic acid (SA: 52%) and jasmonic acid levels (JA: 62%) under stress conditions
as compared with control and arsenic. Interestingly, the genes; zeaxanthin epoxidase (ZEP) and 9-
cis-epoxycarotenoid dioxygenase (NCED-1) involved in ABA biosynthesis were upregulated by silicon
under arsenic stress. Likewise, Si application also upregulated gene expression of plant plasma
membrane ATPase (PMMA-4), aluminum-activated malate transporter (ALMT) responsible for
maintaining cellular physiology, stomatal conductance, and short-chain dehydrogenases/reductases
(SDR) involved in nutrients translocation. Hence, the study demonstrates the remarkable role of
silicon in supporting growth and inducing arsenic tolerance by increasing antioxidant activities and
endogenous hormones in date palm. The outcomes of our study can be employed in further studies
to better understand arsenic tolerance and decode mechanism.

Keywords: date palm; antioxidants system; silicon; arsenic toxicity; organic acids; ABA; SA

1. Introduction

Heavy metals (HMs) contamination is one of the several factors limiting sustainable
crop productivity across agricultural ecosystems, caused by industrial effluents and do-
mestic wastewater [1,2]. Currently, excessive HMs accumulation in food crops and toxicity
in humans by entering food chains is a serious concern for researchers [1–3]. Excessive
availability of toxic metals in soils significantly retards plant growth by inhibiting different
metabolic and biochemical activities and leading to cell death [4,5]. Moreover, heavy metals
contamination remarkably hampers the uptake and translocation of essential elements [6]
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and thus leading to morphological and physiological defects in plants by inducing necrosis
in leaves, roots browning, enzymatic disruption, molecules degradation, and abnormalities
in metabolic pathways that ultimately inhibit plant growth [3–5,7]. Besides, heavy metals
contamination can also negatively affect the qualitative growth, yield, and safety of crops,
further endangering food security [6].

Arsenic is categorized as an utmost lethal metalloid by the international agency for
research on cancer as a primary carcinogen [8]. Previously, increased levels of arsenic
generated naturally or by anthropogenic activities (mining, insecticides, fertilizers appli-
cations, and industrial wastes) have been reported in several countries throughout the
globe, including India [9], Bangladesh [10] and China [11]. It exists in the environment in
organic but more dominantly in inorganic forms as reduced trivalent arsenite (As III) or
fully oxidized pentavalent arsenate (As V) [8]. While in soil, its bioavailability is based on
comparative features of soil such as texture, pH, redox status, concentration of iron (Fe)
and plant-available phosphorus, and its interactions with other elements [12–14]. How-
ever, increased mining of ores, employing arsenic-contaminated water for irrigation and
ruminated usage of arsenic-planted pesticides (calcium arsenate, copper arsenate, and lead
arsenate) ultimately increase the leftover As in soils [15,16]. Increased levels of As and its
prolonged and prolonged exposure can severely affect plants and humans [4].

Plants can absorb As from water or soil via roots where excessive accumulation
drastically affects cellular proliferation and roots elongation compared to above-ground
parts of plants [6]. Moreover, it also hinders the photosynthetic system and raises func-
tional damages in plants, making crops less productive because of high levels of As
accumulation [17,18]. However, several approaches have been used for enhancing plant
resistance and tolerance to withstand agro-ecosystem contamination of toxic materials
including heavy metals (HMs). Application of plant growth-promoting elements for limit-
ing HMs in soils or their translocation into plants is also a cost-efficient and eco-friendly
approach [7–9,19]. In this regard, silicon (Si) has been reported as a growth-supporting
element for plants and performs a key role in defending plants under detrimental condi-
tions by stimulating their stress tolerance [20]. The growth-stimulating role and positive
effects of Si have been previously verified in cotton [21], mustard [22], date palm [23],
and wheat [24]. Mechanistically, Si can alleviate the toxic impacts of metallic contamina-
tion in plants by precipitation of metals, reducing their bioavailability, restricting their
uptake and translocation via regulating HM-related transporter gene expression [25–27].
It also supports plant developmental growth by provoking enzymes and metabolites of
the defense system, inducing structural adaptations in plants along with the chelating of
metals [27]. Previous studies reported that silicon also promotes root exudates and limits
metal uptake by chelation with phenolic-flavonoids or with organic acids [25]. It also
showed influential interaction with phytohormones including abscisic acid (ABA), salicylic
acid (SA), and jasmonic acid (JA), which are involved in promoting physiological and
biochemical processes in plants responding to stress conditions [10]. For instance, several
studies also demonstrated the reduction in As toxicity with phytohormones through an
improved antioxidant system [11–13]. Moreover, it can improve cellular or tissue stability
by accumulating at spines as amorphous silica (SiO2) and intercellular sites (phytoliths)
to overcome oxidative stress [28]. Overall, its mechanism of action thoroughly relates to
the accumulation of the reduced metal in plants, verified recently in the durum wheat [29],
banana [30], cowpea [31], and rice [32], investigated under Cd, Pb, Al, and Cr metallic
stressed conditions, respectively.

Phoenix dactylifera (date palm) is an endemic plant to gulf soils familiar with many
applications as a food crop. It can be found globally in arid and semi-arid zones, particu-
larly in Arab countries with significant cultivation and production levels. Oman stands
at 8th in the list of countries with the highest global production of date palm with an
average of >250,000 metric tons of annual production [5,33]. Among fruit crops in Oman,
its cultivation covers more than 50% of total arable land with an above 80% growth rate.
However, the environmental fluctuations, increased pesticides, and contaminated water
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induce severe stress on date palm [34,35]. Irrigating date palm fields with sewage water
is the major reason for inducing heavy metal (HM) contamination and toxicity in plants,
thereby leading to growth inhibition. [36]. Even though date palm has a certain level of
stress tolerance, the overall growth, productivity, and quality of fruits are affected by many
factors including heavy metals contamination. Studies have also shown the extensive ca-
pacity of date palm for HMs removal from wastewater, particularly for cadmium (Cd) and
chromium (Cr) accumulation [37,38]. Previously, it has been explored for phytoremediation
and adsorption of HMs; however, with detrimental consequences [39]. The excessive accu-
mulation and exposure of date palms to HMs can harm their growth and fruit quality [40].
Mesnoua, et al. [41] reported the interaction of date palm with several heavy metals and
found Cd highly toxic by prohibiting pollen grain germination and pollen tube elongation.
For instance, aluminum (Al) has been reported to negatively influence embryogenesis in its
callus cultures, affecting biochemical and molecular activities [42]. Moreover, date palm
has been exploited for investigating its interaction with HMs such as Al, Cd, and Cr along
with exogenously applied elements, where HMs were found with severe effects on its
photosynthetic system, cellular defects, and biochemical alterations [23,43].

Therefore, it is crucial to prevent HMs toxicity in date palm in order to ensure its
productivity and safety for humans feeding on it. So, the current study investigated the
phytotoxicity and genotoxicity induced by arsenic trioxide in date palm by analyzing phys-
iological and anatomical adaptations, and biochemical and molecular responses. Therefore,
we aimed to assess the effect of silicon on the modification of plant root and shoot anatomy
for the subsequent arsenic uptake, translocation, and their consequent effects on oxidative
stress at biochemical and molecular levels as well as to illustrate stress-related hormonal
interaction (ABA, SA, JA) and stress-responsive genes modulation by silicon supplemen-
tation under arsenic stress. Moreover, the study also aims to investigate organic acid
regulation in plants by silicon intervention to ameliorate arsenic toxicity and improve
essential nutrient regulation.

2. Material and Methods
2.1. Plant Growth and Treatment with Silicon and Arsenic

Phoenix dactylifera L. Khalas (date palm) seedlings (4 months old) were obtained
from Agriculture Research Center in Bahla, Oman. The seedlings were replaced within
pots (10 × 9 cm) having sphagnum peat moss (pH 4.5–5.5, bulk density 0.7–1.0 mgm−3,
water content 38.5%, grain size 125–250 µm, electrical conductivity 2.0 dSm−1, organic
matter 91.1% w/w, (nitrogen 800–2500 mg kg−1, phosphorus 150–850 mg kg−1, and NaCl
(850 mg kg−1). Before applications of metal stress, the seedlings were placed in a greenhouse
concealed by controlled growth conditions (temperature 30 ± 2 ◦C for 16/8 h (light/dark)
photoperiod at relative humidity; 60–65%) for one week to acclimatize to the required
growth conditions. All the seedlings were well watered on a daily basis. Later, the seedlings
with uniform growth were selected for the experimental part by randomly arranging them
into four different groups; group 1 CK plants (control: only dH2O), group 2 Si- plants
(treated with silicon only), group 3 Si + AS plants (treated with silicon and arsenic), and
group 4 (treated with arsenic only) and placed in a greenhouse under controlled growth
conditions as mentioned above. The arsenic solution (1 mM, AsO3) was also prepared in
distilled water and the pH was adjusted to 6.2–6.5. Silicon solution (1 mM), by dissolving
Na2SiO3 in dH2O, was prepared and the pH was fixed to 6.2–6.8 by using NaOH (0.1 N)
and HCL (0.1 N). The Si solution (100 mL) was poured into every pot of group 2 and 3 for
30 days. The control and group 4 were supplemented with dH2O only. Finally, after Si
treatments, the plants of respective groups were exposed to As stress for 50 days. About
100 mL of each solution (Si: 1 mM), (As: 1 mM) and dH2O (100 mL) was applied daily
to relevant pots with caution to reduce the chances of leaching. After recording data for
several morphological parameters, the seedlings were directly harvested in liquid N2. The
plants were immediately reserved in a deep freezer (−80 ◦C) for further investigations.
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2.2. Quantification of Photosynthetic Pigments

A briefly improved protocol by Sumanta, et al. [44] was employed to determine
chlorophyll content. The fresh leaves of experimental date palm seedlings were cut and
immediately ground with acetone (80%). The resultant mixture was centrifuged quickly for
5 min (at 12,000 rcf) to get clear supernatant. Thereafter, the supernatant was taken and the
absorbance was recorded with a spectrophotometer at the respective wavelengths (663 nm,
645 nm, and 470 nm) for chlorophyll a, chlorophyll b, and carotenoids.

2.3. Determination of Leaf Water Content

To determine leaf relative water content in treated and non-treated plants, the protocol
of Cao, et al. [45] was employed after slight alterations. Briefly, the fresh leaves of date palm
seedlings were cut out and fresh mass (FM) was recorded. The leaves were then placed in
distilled water (30 mL each) in Petri dishes and incubated for around 6 h. The turgid mass
(TM) of leaves was recorded and water was removed. Finally, dry mass (DM) was noted
after heat-treating the leaves at 80 ◦C in an incubator. To calculate relative water content
(RWC), the following formula was employed.

RWC [%] = [(FM − DM)/(TM − DM)]/100.

2.4. Evaluation of Protein Content and Antioxidant Enzymes

The protocol mentioned by Bradford [46] was employed with minor improvements to
determine protein contents. The leaves of date palm were powdered in a chilled mortar and
pestle using potassium phosphate buffer (100 mM, pH 6.8) with ethylenediaminetetraacetic
acid (EDTA: 0.2 M) and centrifuged for 25 min (at 12,000× g) to get the resultant crude
mixture. The supernatant was measured by taking the absorbance value (595 nm).

Furthermore, the anti-oxidative enzymatic assays: catalase (CAT), peroxidase (POD),
polyphenol peroxidase (PPO), and total polyphenols (TPP), were determined by a protocol
modified previously by our research group [23], with minor modifications. Briefly, liquid
nitrogen was applied over leaves and effectively ground with a mortar and pestle. One
hundred micrograms of the powdered sample was taken to mix with phosphate buffer
(100 mM, pH 7.0) and mixed gently. The reaction mixture was centrifuged for 30 min at
10,000 rpm, 4 ◦C, and the upper layer was employed for further analysis.

For determination of peroxidase (POD) activity, 100 µL of samples extract was mixed
with potassium phosphate buffer (0.1 M; pH 6.8), 50 µL H2O2 (50 mM) and 50 µL of pyro-
gallol (50 mM), followed by an incubation period of 5 min at 25 ◦C. The enzymatic reaction
was stopped by adding H2SO4 (50% v/v), and the absorbance of the reaction mixture was
measured at 420 nm. A similar reaction mixture for POD activity determination, excluding
H2O2, was used by measuring the absorbance value at 420 nm.

For instance, for the determination of catalase (CAT) activity, the protocol was em-
ployed as reported by Bilal, et al. [47]. Shortly, the sample extract was mixed with H2O2
(0.2 M) in 10 mM phosphate buffer (pH 7.0). After that, the activity was measured as a
decrease in absorbance at 240 nm and expressed as units (one unit of CAT was defined as
the ng of H2O2 released/mg protein/min).

2.5. Determination of MDA Levels

The protocol of Okaichi, et al. [48] was used to determine the formation of MDA or
level of lipid peroxidation in date palm leaves, with minor changes. The leaves samples
(100 mg powdered) were mixed in 10 mM phosphate buffer (pH 7.0) and centrifuged for
15 min at 12,000 rpm. The supernatant (0.2 mL) was mixed with 0.2 mL of sodium dodecyl
sulfate (SDS; 8.1%), 1.5 mL of 20% acetic acid (pH 3.5), and 1.5 mL of 0.8% thiobarbituric
aqueous acid (TBA) solution in a reaction tube. Then, the reaction mixture was warmed
up to 90 ◦C for 1 h, followed by cooling down at 25 ◦C, and mixed with 5 mL of butanol:
pyridine (15:1 v/v). Finally, after the appearance of pink color, the upper layer was taken
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and the absorbance was measured at 532 nm. Tetramethoxypropane was used as an
external standard.

2.6. Determination of Superoxide Anion (O2
•−)

The method of Gajewska and Skłodowska [49] was used to estimate the level of
superoxide anion O−2 in date palm exposed to arsenic stress, with slight modifications.
Briefly, 1 g of plant powder was mixed in 10 mM phosphate buffer (pH 7.0) containing
nitrobluetetrazolium (NBT: 0.05% w/v) and sodium azide (NaN3: 10 mM) and incubated
at 25 ◦C−30 ◦C for 1 h. Then, the reaction mixture was transferred into another tube
and warmed at 85 ◦C for 15–20 min, then cooled to normal temperature and vacuum
filtration. For instance, absorbance was measured at 580 nm with a spectrophotometer. The
experiment was replicated thrice.

2.7. Elemental Analysis by Inductively-Coupled Plasma–Mass Spectrometry (ICP–MS)

The elemental analysis was performed using Bilal, et al. [50] developed protocol.
Briefly, 1 g of leaves, roots, and soil samples each was taken to screen respectively and
measure the concentration of elements: K, Ca, Mg, and Si. The samples were dissolved
immediately in 4 mL of nitric acid (65%) and digested within ultra-microwave followed by
dilution with dH2O to raise the final volume to 50 mL. The calibration curves were drawn
with relevant standards, and the mixtures were then screened with ICP–MS (PerkinElmer
Optima 7900 DV, PerkinElmer, Inc., Waltham, TX, USA).

2.8. Microscopic Analysis of Date Palm Shoot and Root Samples

An established procedure was followed for scanning electron microscopic analysis of
samples, with slight modifications [51]. Fresh shoots and roots of date palm seedlings from
normal and treated conditions were taken and stored in Formalin Acetic acid (3.7% v/v
formaldehyde, 50% ethanol, 5% acetic acid) as a primary fixative. Then, under a stereoscope,
the samples were properly dissected and washed twice with sodium cacodylate buffer (pH:
6.5, 0.1 M) for 20 min, followed by secondary fixation with osmium tetroxide (OsO4: 1%)
for 1 h. Then, cross-sections were washed with dH2O, followed by a series of alcoholic
treatments (ethanol: 30%, 50%, 70%, 90%, and 100%, three times each), to fully dehydrate
the samples. A critical point dryer (SYSGLCP-8, Sanyu-Gijutsu, Akiruno, Japan) with a flow
rate of 1.0 L/min at 40 ◦C was used to dry samples and remove ethanol with liquid CO2.
The properly dried samples were then mounted on 10 × 10 aluminum stubs, gold-coated
for 3 min, and screened with a scanning electron microscope. Subsequently, the SEM-EDS
(JSM-6490LV, JEOL Ltd., Tokyo, Japan) was utilized to estimate the level of arsenic and
silicon in root and shoot samples. The particulate areas of SEM images were analyzed using
EDS to obtain atomic percentages of Si and As or any other elements that exist in samples.

2.9. Phytohormone Extraction and Quantification

For extraction of endogenous ABA, the methods of [50,52] were employed with little
change. In brief, plant powder extract was subjected to a gas chromatography-mass
spectrometry (6890 N network GC system and 5973 network mass selective detector;
Agilent Technologies, Palo Alto, CA, USA) with ABA-[(±)-3,5,5,7,7,7-d6] supplemented
as an internal standard. The spectra were recorded in selected ion mode at m/z 162
and 190 for Me–ABA and m/z 166 and 194 for Me–[2H6]–ABA. The ABA content was
estimated by correlating the endogenous peaks and corresponding standards. Overall,
three experimental replicas were used each, and the experiment was reproduced thrice.

The optimized protocol reported previously was followed with few modifications for
JA extraction and quantification [53]. Shortly, the same system was employed to screen
samples with GC-MS, as described above. The fragment ion (m/z 83) was interpreted
relatively with JA base peaks and [9,10–2H2]-9,10-dihydro-JA. Finally, the concentration of
JA was estimated by correlating the endogenous JA peaks and respective standards.



Plants 2022, 11, 2263 6 of 28

Similarly, the extraction of salicylic acid (SA) was performed by utilizing powdered
samples of date palm according to the protocol previously optimized by our research
group [23,54] with slight changes. In brief, high-performance liquid chromatography
(HPLC) was performed with an outfitted Shimadzu device having a fluorescence indicator
(Shimadzu RF-10AxL), excitation at 305 nm and emission at 365 nm, and a C18 reverse-
phase HPLC column (HP Hypersil ODS, particle size 5 µm, pore size 120 Å, Waters, Milford,
MA, USA). The flow rate was maintained at 1.0 mL/min.

2.10. Organic Acids Extraction and Quantification

The methods reported by [52] were used to isolate and determine citric acid, malic
acid, succinic acid, lactic acid, and acetic acid levels in plant samples. In brief, the plant
samples were analyzed with high-performance liquid chromatography (HPLC) employing
a Shimadzu device outfitted into a fluorescence detector (Shimadzu RF-10AxL) and a C18
reverse-phase HPLC column (HP Hypersil ODS, particle size 5 µm, pore size 10 Å; Waters).
The respective wavelengths for excitation and emission were adjusted to 305 and 365 nm
while the flow rate was set at 0.6 mL min–1. Three experimental replicas were employed,
and the procedure was repeated thrice.

2.11. RNA Extraction and cDNA Synthesis

The optimized protocol of Liu et al. was adopted with slight improvements to extract
RNA and prepare cDNA [55]. Briefly, Tris-HCL (0.025 M, pH: 7.5) was prepared and
fortified with NaCl (0.25 M), EDTA (20 mM), 1% w/v SDS and 4% w/v polyvinyl pyrroli-
done. β-ME (0.1%) and ascorbic acid (0.5%) along with spermidine (0.1%) were added
to the buffer solution just before sample addition. After that, fine powder (100 mg) was
cautiously transferred to 2 mL RNase-free micro tubes having extraction buffer (750 µL)
and immediately mixed with chloroform:isoamyl alcohol (CI; 24:1 v/v) in an equal volume.
The reaction mixture was incubated (37 ◦C for 10 min) at 5 min intervals for short vertexing
and then centrifuged (12,000× g, 4 ◦C for 10 min) to collect the supernatant (600 µL) in
a new 2 mL tube. An equal volume of PCI (phenol:chloroform:isoamyl alcohol; 25:24:1
v/v) was added with the supernatant in all tubes, respectively. The solutions were mixed
gently and centrifuged (12,000× g, 4 ◦C for 10 min). The upper layer (clean and clear) was
then transferred to another (1.5 mL) microcentrifuge tube, and 1/10 volume of sodium
acetate (3 M, pH 5.2) was added. For precipitation, absolute ethanol (two volumes) was
also added. The tubes were kept for short inversions for proper mixing and incubated
at 4 ◦C for 45 min. Later, after centrifugation (12,000× g, 4 ◦C for 10 min), the pellet was
dissolved in DEPC-treated water (200 µL), mixed with lithium chloride (500 µL of 10 M),
and kept at −20 ◦C for 60 min. Finally, the samples were centrifuged (12,000× g, 4 ◦C for
10 min) and the pellet was washed with 75% ethanol. The pellet was air-dried for 5 min and
dissolved in TE buffer (50 µL). DNA was eliminated from RNA samples through DNase
digestion by using Ambion DNase I (RNase free). Briefly, 1 µL DNase I buffer and 1 µL
DNase I (2 U) were added to RNA samples and incubated for 10 min at 37 ◦C. After that,
the RNA was quantified with NanoDrop and Qubit broad range kit (3.0), and quality was
assured by observing bands on agarose gel electrophoresis with Gel-Doc.

For cDNA synthesis, the reaction mixture was prepared by using ten µL (>100 ng/µL)
of extracted RNA and initially prepared Master Mix (comprised of RT buffer (2 µL),
25x dNTPs (0.8 µL), random primers (2 µL), reverse transcriptase (1 µL), and nuclease-free
water (3.2 µL), in PCR tubes. The PCR reaction was run using a thermocycler with condi-
tions adjusted as 25 ◦C for 10 min, 37 ◦C for 2 h, and 85 ◦C for 5 min. After the completion
of the reaction, the cDNA was quantified with a Qubit DNA broad range kit and stored at
−80 ◦C for molecular analysis.
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2.12. qRT–PCR Gene Expression Profiling

For evaluating expression patterns of stres-related genes (Table S1), the amplified
cDNA was employed to perform qRT-PCR. Ubiquitin gene was applied as a reference/
housekeeping gene. PCR reaction was performed with thermocycler using Power SYBR
Green Master Mix and primers (forward and reverse 10 pM) for all genes of interest. The
reaction was performed in triplicates for each sample to minimize contaminations and
experimental errors. The PCR conditions were adjusted as follows: initially at 94 ◦C
for 10 min, followed by 35 cycles at 94 ◦C (45 s), 65 ◦C (45 s), and 72 ◦C (1 min), while
the extension step was performed at 72 ◦C (10 min). For amplification of genes, the
threshold level was adjusted to 0.1. The reaction was repeated thrice with three replicas for
each sample.

2.13. Statistical Analysis

GraphPad Prism was used for all graphs designing and analysis of data (v7.02; San
Diego, CA, USA). The data presented as the mean of all experimental replicas and ±SE.
Duncan’s multiple range tests with a significant difference among treatments by ANOVA
using SAS software (V9.1, Cary, NC, USA) to reveal significant to non-significant treatments
by maintaining p < 0.05 and was represented by different lower-case alphabets

3. Results
3.1. Effects of Silicon and Arsenic on Growth Attributes

Current results revealed that silicon application improved plant growth under normal
or As contamination. The As toxicity severely affected the development of roots and
shoots of date palm after exposure of 50 days. However, shoot fresh weight of silicon-
treated plants was found significantly increase (up to 26%) under control conditions (Si)
and around 54% in stress conditions (Si + As) as compared with control (CK) and sole
As-treated plants, respectively (Figure 1A). Likewise, the shoot length and diameter were
also recorded maximum with respective increases (32% and 34%) by silicon alone or
under arsenic contamination compared with CK plants (Figure 1B,C). Contrarily, the
arsenic-treated plants expressed most minor biomass accumulation, and shoot fresh weight,
length, and diameter significantly decreased (53%, 14.7%, and 43%) compared with control.
Furthermore, the number of leaves per plant was also recorded higher in silicon-treated
plants than in arsenic under both normal and stress conditions (Figure 1D). For instance,
the leaves were morphologically found fresh, turgid, and greener in silicon-treated plants
in both stress or average conditions, while sunken and drier under arsenic contamination
(Figure 1E).

Additionally, the growth attributes were further assessed in roots of date palm treated
with Si and As. Results revealed that silicon significantly mitigated the toxicity generated
by As. Fresh weight for roots was found higher (up to 41.3%) in plants treated with silicon
(Si) than the in rest of the treatments (Si + As, As, and control) (Figure 2A). However,
other attributes including root length volume and surface area along with project area
and number of tips were recorded highest under silicon treatment in stressed conditions
in comparison with sole As-treated plants (Figure 2B,D,E,H). The number of root tips
and forks was recorded maximum under combined treatments of Si + As than control
and silicon alone (Figure 2F,G). Furthermore, the morphological variations induced by all
treatments are shown in (Figure 2).

Henceforth, the silicon was found to substantially reduce the toxicity of As by improv-
ing plant growth attributes. At the same time, sole arsenic application illustrated extended
levels of toxic effects and reduced the overall growth of date palm. The results demonstrate
the stress-mollifying aspect of silicon in date palm roots.
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Figure 1. Morphological and physiological variations induced by heavy metal stress alone or in
combination, in date palm. (A) Shoot fresh weight, (B) shoot length, (C) shoot diameter, and
(D) number of leaves. (E) Date palm seedlings picture. Different letters indicate the values are
significantly different (p < 0.05). Means were analyzed for finding the significant differences among
treatments by using Duncan’s multiple range test (DMRT). Values represent means (of 7 replicates) ±
standard error.

3.2. Determination of Chlorophyll Contents and RWC

To assess biochemical investigations and develop an understanding of silicon fortified
plant growth under arsenic contamination, photosynthetic pigments and relative water
content in date palm were investigated. Surprisingly, the chlorophyll contents were found
significantly (p < 0.01) enhanced in plants supplemented with silicon. For instance, the
accumulation of chlorophyll a, chlorophyll b, and carotenoids were increased (up to 43%,
56%, and 67%, respectively) by silicon under normal conditions compared to control plants
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(Figure 3A–C). The sole arsenic-treated plants showed drastically reduced accumulation
of photosynthetic pigments by approximately 54%, 62%, and 35% either alone or in com-
bination with silicon as compared with combined Si + As-treated plants, sole Si-treated
plants, and CK plants, respectively. Similarly, the RWC was also found to be highest
(49.9 ± 2.5%) in silicon supplemented plants under normal conditions, with an increase of
33.5% as compared with control, and under stress conditions, Si-treated plants exhibited
approximately 40% enhancement than sole As-treated plants (Figure 3D). Hence, silicon
is proven to stimulate a protective role for photosynthetic pigments of date palms under
arsenic stress conditions.
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Figure 2. Variations in root architecture of date palm roots exposed to heavy metals stress. (A) Root
fresh weight, (B) root length, (C) root diameter, (D) root volume, (E) number of tips, (F) project area,
(G) number of forks, (H) surface area, analyzed with WinRHIZO image analysis system (Regent
Instruments, Inc., Sainte-Foy, QC, Canada). Different symbols indicate the values are significantly
different (p < 0.05). Means were analyzed for finding the significant differences among treatments by
using Duncan’s multiple range test (DMRT). Values represent means (of 7 replicates) ± standard error.
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Figure 3. Influence of exogenously applied silicon (Si) on photosynthetic pigments in date palm
seedlings under heavy metal stress conditions. (A) Chlorophyl a, (B) chlorophyl b, (C) carotenoids,
and (D) relative water status. Different symbols show the significant difference among values
(p < 0.05). Means for all treatment values were used to determine the significant difference by performing
Duncan’s multiple range test (DMRT). Values represent means (of 7 replicates) ± standard error.

3.3. Influence of Silicon on the Antioxidant System of Date Palm under Arsenic Stress

The effects of Si and As on antioxidant enzyme activities in date palm are shown in
Figure 4. Accordingly, results revealed that plants expressed significantly higher antioxi-
dant activities under silicon feeding either alone or in combination with arsenic. Peroxidase
activity under control conditions was insignificant between CK and Si-treated plants. How-
ever, a significant enhancement of 50% was found in silicon-supplemented plants under
stress conditions than those of sole As-treated plants (Figure 4A). Likely, PPO activity was
recorded with the highest induction by silicon with more than 75% relative increase than
CK plants under control conditions (Figure 4B). While a substantial reduction in PPO activ-
ity by 17.1% was detected in sole As-treated plants in comparison with combined Si and
As-treated plants. Furthermore, the GSH activity was found to be significantly enhanced
in plants fortified with silicon under stress conditions. For instance, the GSH activity was
shown by silicon-treated plants with a respective increase of 26.1% and 48.8% under stress
conditions (Si + As) in comparison with CK and sole As-treated plants (Figure 4C). More-
over, the remarkable effects of silicon were further evaluated by measuring catalase enzyme
activity in both treated and non-treated plants. A non-significant impact in CAT activity
was detected between CK and Si-treated plants (Figure 4D). In contrast, Si application led
to enhanced activity of CAT under As stress in comparison with sole As-treated plants
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by approximately 51%. Overall, the silicon neutralizes the toxicity induced by arsenic
contamination via enhancing antioxidant enzyme functions.
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Figure 4. Stress alleviating effects of silicon (Si) exogenously applied, on antioxidants. (A) Peroxidase
(POD), (B) polyphenol oxidase (PPO), (C) reduced glutathione (GSH), (D) catalase (CAT), (E) proteins
contents, and (F) total polyphenol (TPP), in date palm under heavy metal stress conditions. Means for
all respective treatments were used to determine significant difference (p > 0.05) via Duncan’s multiple
range test (DMRT). Letters show significant difference and values represent mean (of 4 replicates) ±
standard error.



Plants 2022, 11, 2263 12 of 28

Moreover, plants treated with silicon expressed considerable levels of total polyphe-
nols (TPP) and protein contents consistently with other antioxidant activities. The accu-
mulation of total polyphenols (TPP) was found in silicon-treated plants with a significant
increase of 48% under normal conditions; wherein, under combined treatment with arsenic,
it was enhanced by around 10% (Figure 4F). Similarly, soluble proteins were detected maxi-
mum (38.4 ± 4.9 mg/g FW) in sole Si-treated plants, in comparison with other treatments.
However, the levels of protein contents were significantly decreased by 44.8%, 51.3%, and
26.6% in sole As-treated plants when compared with combined Si and As treatment, only
Si treatment, and CK treatment, respectively (Figure 4E).

3.4. Estimation of MDA and Superoxide Anion Levels

The influence of arsenic stress and silicon treatments on membrane stability and lipid
peroxidation was determined by investigating MDA accumulation in date palm (Figure 5).
The stress induction by arsenic contamination gave rise to excessive reactive oxygen
species (ROS) assemblies which caused significant MDA accumulation. This resulted
in an increase of around 2.1-fold higher level of MDA in date palm exposed to arsenic
stress in comparison to CK plants (Figure 5A). Contrarily, the toxic influence of arsenic
was decreased by exhibiting around 1.7-fold lower level of MDA in comparison with sole
As treatment, when plants were supplemented with silicon additionally. Similarly, the
generation superoxide anion (O2

•−) levels were recorded higher in stressed conditions than
in normal conditions, considering stress affected membrane integrity. However, the O2

•−

level was reduced by approximately 58% in plants treated with silicon in comparison with
sole As under stress conditions (Figure 5B). These findings suggest the stress-alleviating
role of silicon as evident by significant control of MDA and superoxide anion amounts in
date palm.

3.5. Influence of Silicon on Phytohormones

Plants produce stress-related hormones to cope with the toxicity generated by stress.
The results showed that silicon also triggered this endogenous phytohormonal system’s
expression and was significantly enhanced under stress conditions. Under normal con-
ditions, plants treated with silicon expressed reduced ABA levels (38%) compared to CK
plants (Figure 6A). However, the ABA level was significantly increased in combined Si and
As-treated plants by 20%, 67%, and 46% compared to sole As-treated, sole Si-treated, and
CK plants, respectively. The arsenic-supplemented plants also depicted significant amounts
of ABA produced compared to control. The endogenous salicylic acid concentration was
increased in stress conditions compared to control conditions (Figure 6B). However, signifi-
cantly reduced accumulation of SA was recorded in plants under combined treatment of Si
and As by 52% than those of sole As-treated plants. (Figure 6 B). The SA concentrations
were not significantly variable in silicon sole treatments and control plants.

Similarly, the expression pattern for endogenous jasmonic acid was found to increase
from normal to stressed conditions. The sole application of As caused a significant increase
in JA content compared with CK plants (non-treated) (Figure 6C). The silicon application
remarkably reduced the accumulation of JA under stress conditions by 62% compared with
sole As-treated plants. In contrast, Si application significantly induced JA accumulation
under control conditions compared to CK plants.

3.6. Modulation of Organic Acids Levels by Si

Exogenous application of Si exhibited a varied effect on the regulation of organic acids
(citric acid, malic acid, acetic acid, and lactic acid) in root under control conditions compared
with CK plants by illustrating significantly reduced levels of analyzed organic acids except
for malic acid (Figure 7). However, induction of As toxicity substantially affected organic
acids regulation in sole As-treated plants compared with combined Si and As-treated plants
by exhibiting significantly reduced levels of organic acids. Si-treated plants under As stress
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demonstrated approximately 1.82-, 1.57-, 1.2-, and 1.4-fold higher levels of citric acid, malic
acid, acetic acid, and lactic acid than sole As-treated plants, respectively.
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Figure 5. Stress-alleviating effects of silicon (Si) exogenously applied on (A) malondialdehyde (MDA)
and (B) superoxide anion in date palm under heavy metal stress conditions. Means for all respective
treatments were used to determine significant difference (p > 0.05) via Duncan’s multiple range
test (DMRT). Symbols show significant difference and values represent mean (of 4 replicates) ±
standard error.
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Figure 6. Effects of arsenic stress and silicon treatments on regulation of endogenous hormone, i.e.,
(A) abscisic acid, (B) salicylic acid, (C) jasmonic acid in date palm seedlings, treated with silicon and
arsenic. Data represented as mean (4 replicas) ± shows standard error, symbols denote significant
differences among values as determined by Duncan’s multiple range test (DMRT).
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Figure 7. Effects of Si on organic acids regulation. (A) Citric acid, (B) malic acid, (C) acetic acid, and
(D) lactic acid levels in date palm roots and soil, i.e., treated and non-treated with silicon and arsenic
(Si, XSi, Si + As, and As). Data represented as mean (6 replicas) ± shows standard error, symbols
denote significant differences among values as determined by Duncan’s multiple range test (DMRT).

3.7. Influence of Silicon on Plant Anatomy in Stress

To assess further the physiological effects of Si and As, date palm shoot and root
samples were screened under a scanning electron microscope (SEM). In shoot samples, the
influence of silicon and arsenic was variable on stomatal morphology. Whereas, enhanced
stomatal density was found in Si-treated plants than in those of As and control (Figure 8).
Likewise, the size of stomatal apertures was increased under silicon (Si+) supplementation
and anatomical variations in leaves of treated and non-treated plants are mentioned in
Supplementary Figures S1 and S2. The stomatal apertures were also observed to be
smaller with a reduced opening under arsenic stress. For root samples, silicon applications
enhanced cellular morphology, resulting in more compact epidermal layers under normal
or stress conditions (Figures 9 and 10). The SEM screening also showed that silicon-treated
plants maintained endodermis, cortex, and pericycle along vascular bundles more in stress
conditions than normal and control. Contrarily, arsenic-induced stress affected overall root
morphology and was found injurious.
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Figure 8. Physiological influence of silicon and arsenic on stomata apertures of date palm leaves,
screened with scanning electron microscope. Silicon treated (Si+), silicon non-treated (Si−), silicon and
arsenic (Si + As), and arsenic treated (As). Three biological replicates were screened at magnification
3500×, scale bar = 5 µm.

The silicon and arsenic levels were further determined with SEM-EDS screening as
shown in Figures 9 and 10. Comparatively, the silicon was found higher by mass (7.63%
and 2.36%, respectively) in leaves and roots treated with silicon only. Where plants treated
with both silicon and arsenic showed respective weights of Si (7.6% and 3.17%) and arsenic
(0.03% and 1.02%) in leaves and roots samples screened with SEM-EDS. In correspondence,
no amount was detected for silicon or arsenic in control plants (-Si). Moreover, the arsenic
fed plants accumulated 0.75% of arsenic in leaves and 3.09% in root samples.

3.8. Determination of Endogenous Si and Arsenic Levels

Date palm treated with Si and exposed to arsenic toxicity were screened with ICP-MS
to determine endogenous levels of Si, As, Na, and K in shoot, root, and soil (Figure 11).
Results showed that the highest accumulation for Si occurred in shoots under control
conditions (511.4 mg kg−1) with an increase of >400%, compared with in the shoots of CK
plants. Whereas significant endogenous Si accumulation (591 mg kg−1) was detected in
the shoots of combined Si and As-treated plants with an increase of >300%, compared with
sole As-treated plants. Subsequently, a significant level of Si in roots and soil was detected
in sole Si-treated plants, followed by combined Si and As-treated plants (Figure 11A–C).
Moreover, respective concentrations of arsenic in shoot (76.2 mg kg−1), root (36.1 mg kg−1),
and soil (217.2 mg kg−1) were recorded highest in arsenic-fed plants only, followed by a
marked reduction in plants treated with combined Si and As (Figure 11G–I). Likewise,
Na and K concentrations were also measured, and a significant variation was recorded
(Figure 11D–F,J–L)). Among treatments, Na concentration of shoot was found maximum
in sole arsenic-treated plants, followed by other treatments with insignificant differences.
The silicon application significantly reduced Na accumulation in roots, shoots, and soil
compared to sole As-treated roots, shoots, and soil. Furthermore, the level of K was
markedly enhanced in almost all treatments in shoot. Whereas in roots, the sole Si-treated
plants demonstrated a reduced level by 70% compared to other treatments. Moreover, the
accumulation of K in soil was significantly higher in combined Si treatment compared to
other treatments.
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Figure 9. Scanning electron microscopy (SEM) images of date palm roots under different treatments of
non-silicon (Si-), silicon (Si+), combined (Si + As), and arsenic (As). Images (a1,a2,b1,b2,c1,c2,d1,d2)
represent morphological variations and element granules (circled blue and yellow), respectively, for
Si+, Si-, Si + As, and As. The encircled areas in yellow were selected for EDS-based elemental analysis
(a3) showing EDX-elemental peaks for Si-treated samples, (b3) (Si-), (c3) (Si + As), and (d3) represent
data for As-treated plants, respectively. Three biological replicates were screened for each sample.

3.9. Expression of Abiotic Stress-Associated Genes

The relative expression of genes linked with abiotic stress signaling and transporta-
tion of elements was investigated to investigate the underlying molecular mechanism of
arsenic toxicity and silicon stress alleviation in date palm. The expression of the silicon
transporter gene (Lsi-1) was relatively enhanced in plants treated with silicon under
normal conditions. Under stress conditions, Si-treated plants exhibited approximately
3.1-fold higher transcript accumulation of Lsi-1 compared to sole As-treated plants
(Figure 12A). Similarly, the zeaxanthin epoxidase (ZEP) involved in ABA biosynthesis
was significantly downregulated in plants treated with silicon alone, and markedly
upregulated in combined Si and As-treated plants. (Figure 12B). Similarly, the transcript
accumulation of PMMA-3 under stress conditions was insignificant. At the same time,
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PMMA-4 of combined Si-treated plants revealed a significant upregulation by 3.4-fold
under stress conditions compared with those of sole As-treated plants. (Figure 12C,E).
Moreover, the arsenic stress induced a significant reduction in ALMT-1 and ALMT-2
expression in comparison with combined Si and As-treated plants (Figure 12D,F). Like-
wise, the antioxidants-related gene superoxide dismutase (SOD) higher expression and
nutrients up-taking related gene short-chain dehydrogenase (SDR) displayed reduced
expression in sole Si-treated plants under control conditions in comparison with CK
plants. In the case of stress conditions, combined Si and As-treated plants illustrated
around 1.8-fold and 4.5-fold higher transcript accumulation of SOD and SDR compared
with sole As-treated plants (Figure 12G,H). The relative expression of NCED, a key
protein encoder involved in ABA biosynthesis, was also significantly downregulated in
sole Si-treated plants and markedly enhanced in combined Si and As-treated plants by
2.67-fold than those of sole As-treated plants under As stress (Figure 12I).
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Figure 10. Scanning electron microscopy (SEM) images of date palm roots under different treatments
of non-silicon (Si−), silicon (Si+), combine (Si + As), and arsenic (As). Images represent Si and As
effects on roots anatomy from low to higher magnifications, respectively, for Si+, Si-, Si + As, and As.
The encircled areas in yellow were selected for EDS-based elemental analysis showing EDX-elemental
peaks for Si+, Si-, Si + As, and As-treated plants, respectively. Three biological replicates were screen
for each sample.
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Figure 11. Elemental analysis of silicon (Si), arsenic (As) exogenously applied, and essential nutrients
levels determinations via ICP in date palm. Means for all respective treatments were used to
determine significant difference (p > 0.05) via by Duncan’s multiple range test (DMRT). Symbols
show significant difference and values represent mean (of 4 replicates) ± standard error.
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Figure 12. Influence of silicon on expression pattern of abiotic stress-related genes in date palm
seedlings under metal stress. Data represented as mean ± standard error. The letters denote
significant difference among treatments evaluated by Duncan’s multiple range test (DMRT).

4. Discussion

The existence of heavy metals contamination in agricultural lands negatively affects
plant productivity by hampering metabolic and biochemical processes and thereby inhibit-
ing plant growth and development. The situation becomes further alarming, particularly
during initial growth phases that lead to adverse developmental consequences [56]. Ar-
senic, a primary carcinogenic metalloid, also induces phytotoxicity and crop loss, despite
being potent for human health [57]. To reduce arsenic stress, it is vital to investigate and
develop strategies for limiting its uptake, accumulation, and translocation, particularly in
food crops. Silicon was exogenously employed in this study to evaluate its interaction with
date palm in reducing arsenic-induced toxicity, as previously reported for mitigating stress
in several studies [58].

We found As with severe detrimental effects on date palm shoot and root growth.
Arsenic affected cellular proliferation in shoot and root, retarded phototrophic, geotropic
expansion, and induced necrosis. However, exogenous silicon applications promoted
growth in normal or stressed conditions by supplementing mechanical strength. The
morphological and growth parameters such as shoots elongation, leave width, number
of leaves, roots length, and architecture were improved under silicon applications. The
mitigating stress effects of silicon in date palm were more prominent in Si + As treatments
as compared with As alone and control. Under As, the leaves were found dry and sunken,
whereas silicon effectively maintained the turgidity and morphology of the plant under
both normal and stress conditions. The possible reason behind silicon effects could be
its potential mechanical strength under stressed conditions, which leads to optimum
growth [26,59]. Similar effects of silicon in date palm for mitigating heavy metals stress
were reported previously [23].
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Similarly, the root biomass and phenotypic features were significantly improved with
silicon feeding, while arsenic-induced severe stress on roots, resulting in brownish dry
roots. The growth restoration and improving biomass of leaves and roots could be ascribed
to the enhanced physiological features of silicon treatment in abiotic stress. Silicon also can
promote tissue growth and boost plant systems mechanically under stress conditions [60].
Si is also reported to promote cellular or tissue stability against oxidative damage by
strengthening the cell walls of leaves, roots, and stems [28].

The photosynthetic system was also investigated by analyzing chlorophyll contents
(Chl a, Chl b) and carotenoids. The effects were found in correlation with morphological
effects, and the contents were recorded to be reduced tremendously in plants exposed
to arsenic stress solely. Such decline in photosynthetic pigments could be linked with
disruption of membrane lipids by ROS generation, as toxicity influences δ-aminolevulinic
acid dehydratase that negatively affects the biosynthesis of chlorophyll [61,62]. Moreover,
the destruction of chlorophyll contents by arsenic stress is reported to lead to less CO2
assimilation and result in retarded growth under arsenic [63]. Contrarily, silicon-treated
plants expressed increased photosynthetic components that aided in stress alleviation and
improved carotenoid pigments under arsenic contamination. Silicon application is reported
to perform the function of arsenic stress reduction by promoting green pigments initially
and, at the same time, inhibiting the accumulation of arsenic in plant parts, which coincides
with our current findings [4]. Moreover, it has been validated that silicon limits As uptake
and inhibits its accumulation as both share the same transportation system [64,65]. Fur-
thermore, the relative water content was also recorded enhanced in silicon supplemented
date palm plants, as previously reported that Si also strengthens cuticle layers below the
epidermis and limits water loss by controlled transpiration in stress environments [66]. Our
results validated the same findings of silicon improving water levels and green pigments
in different plant species under stress conditions [67–69].

Usually, the root is the first organ through which As enters, crossing the epidermis it
passes through apoplastic/symplastic pathways to access the xylem and phloem and reach
across different parts of the plant [14]. However, several plasma membrane associate com-
ponents, selective transports, and pathways play significant roles in its entrance/uptake,
translocation, and deposition [15]. As toxicity is also known for disrupting the nutrient
homeostasis in plants by interfering with nutrient uptake and generating excessive ROS.
Our results revealed that Si application effectively inhibited uptake and accumulation of
As under normal or stress conditions. This could be accredited to the uptake and depo-
sition of Si in roots and shoots, which subsequently limited As absorption and uptake.
Such enhanced accumulation of Si is crucial for inducing tolerance to stress conditions by
several mechanisms, including forming complexes to stabilize and control the exchange of
destructive ions such as Na and metallic precipitations [28,70]. Mechanistically, As enters
through root nodulin intrinsic proteins (NIP); together known as aquaporin channels. In
rice roots, the expression of OsNIP2;1 (Lsi1) modulates the influx of silicic acid (Si(OH)4)
and As(III), while OsNIP2;2 (Lsi2) serves as an Si(OH)4 efflux transporter across the cell
membrane [16]. However, the process of Si(OH)4 efflux via Lsi2 is restricted to the proximal
side of the cell which inhibits the entrance of As [6]. In parallel, the increased deposition of
Si in roots and its translocation to the ariel parts was found in Si-treated plants, which is
known for inhibiting the passage of lethal cell-degrading ions, such as As, through forming
complexes and the precipitation of metal ions as a co-factor. Our data also showed that sili-
con improved plants’ capacity for potassium uptake and translocation from roots to shoots,
where maximum absorption occurred in shoots under normal and stressed conditions. This
demonstrates the silicon’s ability to ensure nutrient homeostasis and efficient modulation of
metabolic activities in stress conditions. However, further mechanistic studies are required
to explore Si-based nutrient transportation, blocking metals and root activities, and the
distinct influence of any nutrient among all available elements in soil.

Subsequently, the plant defense system also showed a strong protective influence on
silicon and arsenic toxicity. Arsenic uptake and accumulation severely induced oxidative
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stress and generated high levels of ROS and free radicals. These species cause damage
to essential biomolecules such as lipids and disrupt metabolic function and cellular mor-
phology. The level of membrane injuries is indicated by the amount of MDA detected
as an end product of lipid peroxidation [71,72]. However, silicon is also reported to be
involved with MDA, H2O2, and O2

•−- metabolism, which are considered markers to eval-
uate ROS-induced membrane damages [73]. The exact mechanism of silicon interaction
with these stress markers is not fully known. At the same time, several studies proposed
the scavenging of ROS by silicon is achieved via provoked activation of the antioxidant
defense system in plants under several abiotic stresses [74]. For instance, it is believed
that Si also mediates plant defense by increasing phenolics, phytoalexins, chitinases, and
other plant resistance genes [75]. In this study, arsenic exposure induced damage to the
cell membrane resulting in increased MDA levels in arsenic-treated plants. Applications
of silicon either alone or in combination with As reduced MDA levels by confining As
translocation and neutralizing cell membrane damage through ROS scavenging under
stress [61]. Plants also have developed several defense mechanisms, i.e., enzymatic (SOD,
CAT, POD, PPO) and non-enzymatic (GSH), to cope with heavy metals-induced ROS by
scavenging or reducing them. However, excessively exposed and high levels of stress
induce deleterious effects on the defense system of plants by increased oxidative stress and
ROS generation [76,77]. Herein, Si supported date palm growth by boosting antioxidant
activities in stress, which was also evident from the upregulation of SOD expression. The
elevated levels of soluble proteins and antioxidant enzymes could be linked with more ROS
scavenging, thereby reducing MDA and O2

•−. The findings demonstrate the protective
role of silicon against ROS generated by As stress by provoking a string antioxidant system
in date palm. Our data agree with the previously investigated role of silicon alone or in
combination in different plants [78,79]. Overall, the Si mechanism of action thoroughly
relates to the accumulation of the reduced metal in plants, verified recently in durum
wheat [29], banana [30], cowpea [31], and rice [32], investigated under Cd, Pb, Al, and Cr
metallic-induced stress conditions, respectively.

Plants activate defense-related endogenous hormonal systems to overcome the adverse
effects of abiotic stresses. Current results showed that arsenic stress increased endogenous
ABA levels in date palms. Plants treated with silicon under As stress appeared with
significantly boosted levels of ABA content compared with control or sole As-treated
plants. The recorded ABA levels were correlated with expression levels of ZEP and
NCED genes, coding proteins involved in ABA biosynthesis [70,80–82]. Their expression
was significantly enhanced with silicon application as compared with As. The current
findings prove that application of Si under As-induced stress upregulated ZEP and NCED
expression drastically to respond immediately to stress conditions. Thus, ABA biosynthesis
is activated [83]. This could have led silicon-treated plants to maintain properly stomatal
conductance and photosynthesis and improve the antioxidant system in date palm. The
findings further affirm the role of silicon in managing stress conditions and maintaining
plant developmental processes.

Furthermore, SA, an essential signaling molecule involved in maintaining plant growth
under stress conditions, was also influenced by exogenous Si application in the current
study. Herein, sole As application induced more SA accumulation than Si-treated plants.
Such reduced biosynthesis of ABA under As stress in Si-treated plants could be ascribed to
the upregulation of ABA biosynthesis, as an antagonistic interaction between SA and ABA
accumulation has been reported [84]. Such reduced accumulation of SA could result from
ameliorating heavy metal stress by silicon. Heavy metals-induced stresses are described for
activating phenylalanine ammonia-lyase activities, which subsequently aid in the catalysis
of chorismate-derived L-phenylalanine [85,86]. Hence the lower generation of SA in date
palm under stress conditions indicates the decreased activity of chorismate-derived L-
phenylalanine due to mitigation of As-induced stress. Consequently, a reduced level of
SA resulted.
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Furthermore, a similar trend was observed for JA accumulation among all treatments.
As stress induced a high level of JA while silicon reduced its expression levels. Such Lower
accumulation of JA could be attributed to stress ameliorating effects of Si by alleviating Si
stress; thereby, less accumulation of JA was detected. The lower accumulation of JA could
also be due to plant growth and biomass promotion by Si application and thereby leading
to a higher accumulation of gibberellic acids, which can degrade DELLA proteins, and thus,
jasmonate ZIM-domain (JAZs) proteins are attached with MYC2 for inhibiting its activity
from reducing JA signaling [87].

To further understand Si and As interactions, the expression of several abiotic stress
and transporter genes was evaluated with quantitative RT-PCR. The current results demon-
strated that silicon and arsenic prompt distinct motifs of gene expression. The gene tran-
script responsible for the transportation of silicon (Lsi-1) was positively modulated in plants
treated with silicon, regardless of control and stress conditions. The finding suggests that
exogenous application of Si assisted date palm in accumulating Si via roots and permitted
its translocation to shoots. Such significant accumulation in roots and translocation to
shoots delivers additional strength to plants for encountering toxic heavy metals ([88]),
as demonstrated in our micrograph after As stress. A significant deposition of Si was in
endodermis and exodermis regions of date palm after As stress, resulting in less damage in
the roots and shoots induced by As toxicity. Therefore, reduced As accumulation in shoot
and roots was detected due to significant accumulation by activation of Lsi expression.

Plant plasma membrane ATPases, as key enzymes mediating cellular physiology in
plants under stress, are encoded by the PPMAase gene family [89]. They regulate pH,
nutrient uptake, stomatal openings, and phloem loading [90,91]. Herein, the expression of
PMMA-4 was upregulated in plants treated with silicon under normal conditions. Wherein,
plants under stress conditions expressed declined levels of PPMA-4. Heavy metals have
a significant role in plant growth. However, several metals such as Cu, Zn, etc., become
toxic in increased amounts. The plasma membrane is the first barrier HMs can damage,
so PM-H+ ATPases generate a proton gradient needed to ensure ion homeostasis under
stress [92]. However, the activities of PMMA are also reported to be modulated by several
factors such as hormonal interactions and stress-related hormonal regulation [93]. Pre-
viously, Hu et al. (2020) described endogenous ABA regulation as a major factor in the
detoxification of heavy metals, inhibiting their uptake and translocation and enhancing
the conjugation with chelators. At the same time, ABA is also reported to trigger the
transcript accumulation of plasma membrane HMATPases (HMA3 and HMA4) for pro-
moting heavy metals resistance, inhibiting uptake and translocation from roots to aerial
parts in Sedum alfredii [94]. Therefore, the enhanced regulation of ABA in date palm by
Si application could be interlinked with upregulation of PMMA4 expression to limit As
uptake and translocation to cope with As-induced toxicity.

Furthermore, significant expression of ALMT-1, ALMT-2 under As stress by Si applica-
tion led to higher production of malic acids and citric acids in roots, which subsequently
exudate to rhizosphere for inhibiting the entrance of metals into plant cells via the forma-
tion of stable complexes. Moreover, the detoxification of arsenic and inducing tolerance
require removing metal ions or limiting its compartmentalization, which involves vacuoles
or proteins with higher metal affinity [95,96]. Plants also utilize several enzymatic or
non-enzymatic antioxidant series to accumulate ROS [97]. We recorded variable expression
levels of SOD, however, enhanced in plants treated with silicon under arsenic stress than in
sole silicon or arsenic application.

Short-chain dehydrogenases/reductases (SDRs) are members of the NAD-P-H-
dependent oxidoreductase protein superfamily [98] and are well known for their remark-
able role in primary or secondary metabolic activities, including biosynthesis of phenolics
and alkaloids [99], fatty acids [100], steroids [101], and chlorophyll biosynthesis [102].
Subsequently, the secondary metabolites are generated and accumulated in the form of
phytochemical defense under stress conditions. Herein, the higher expression of SDR by Si
application under As stress indicates the modulation of defense-related metabolites regula-
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tion, including phenolic accumulation for alleviating As-induced toxicity. Hence, a positive
correlation can be established between its expressions, generated increased phenolics, and
expressed high antioxidant response under arsenic stress and silicon.

Moreover, SDR genes are reportedly involved in defense-related hormonal modulation
such as ABA and SA. Previously aAtSDR-1 as ABA deficient 2, catalyzed a key step in ABA
biosynthesis by converting xanthoxin to abscisic aldehyde [103]. Likely, AtSDR3 confers
resistance to Pseudomonas syringae pv. tomato infection and acts downstream of the SA
signaling pathway [104]. Therefore, the findings demonstrate a positive influence of silicon
on modulating underlying molecular and biochemical processes in date palm in control or
As stress conditions.

5. Conclusions

Conclusively, arsenic induced severe phytotoxicity and biochemical alterations in
date palm, resulting in reduced biomass, photosynthetic pigments, and decreased levels
of antioxidant enzymes. The enhanced levels of stress markers including superoxide
anions and MDA contents further affirmed the stress induction of arsenic. However,
silicon applications with or without arsenic treatment significantly recovered growth
attributes. Overall, silicon protects against arsenic toxicity via limiting its translocation,
hormonal modulation to regulate the antioxidant defense system. Moreover, anatomical
observations revealed silicon’s positive influence on shoots and roots’ cellular morphology,
with enhanced stomatal density in leaves. This study’s findings emphasize the significant
role of silicon to support the growth attributes, reduce Arsenic toxicity in date palm, and
further develop an understanding of arsenic threats in plants.
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of date palm leaves, screened with Scan Electron Microscope. Silicon treated (Si+) Silicon non-treated
(Si-), Silicon and Arsenic (Si+As) and Arsenic treated (As). Three biological replicates were screened
for each sample. Table S1: Details of genes; name, description, product size, reference number, and
oligonucleotide sequences used for qRT-PCR.
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