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Abstract: The salinity tolerance mechanism in date palm through antioxidation has not been
completely deciphered to date. Therefore, this study aimed to investigate the role of various
antioxidants in salinity tolerance. Two date palm cultivars, contrasting in salinity tolerance, were
used as model plants in a comparative study designed to detect changes in growth, Na*™ and K*
uptake, reactive oxygen species (ROS), and antioxidant accumulations, when plants were exposed
to salt stress. The results showed that salinity treatment had a more substantial negative effect
on the growth and photosynthetic pigmentation of the susceptible ‘Zabad’ cultivar than on the
tolerant “‘Umsila’ cultivar, probably due to the ability of “Umsila’ to accumulate less Na* and more
K*, to maintain a normal concentration of ROS and to produce more non-enzymatic antioxidants,
including glutathione, phenolic compounds, flavonoids, and proline. Under salinity, ‘Umsila’” could
also activate more superoxide dismutase (SOD), catalase (CAT) and ascorbate peroxidase (APX) than
‘Zabad’. These results suggest that the tolerance of “Umsila’ is partially due to the balanced Na*
and K* uptake and to the relatively high concentration of ROS-scavenging metabolites. Together,
these results indicate that the antioxidant mechanism is crucial for salinity tolerance in date palms.
However, other mechanisms may also be involved in this trait.
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1. Introduction

Soil salinization is a global problem, damaging agricultural lands mainly due to improper
irrigation [1]. In Oman, particularly in Al Batinah region, slight soil salinization has given rise to the need
to grow salt-tolerant crops, such as date palm. Although date palm is classified as a salt-tolerant plant,
differences in tolerance have been observed among different cultivars [2—-6]. Ramoliya and Pandey [7]
reported that some date palm cultivars can tolerate high levels of soil salinity, up to 12.8 dSm !, without
showing significant growth defects. However, excessive salts in the soil can impair growth.

Plants can tolerate stress triggered by soil salinity by producing antioxidant agents [8]. In addition,
salt tolerance in plants can occur through mechanisms such as osmotic adjustment and the coordination
between water, potassium ions (K*), and some compatible solutes at the cellular level. Salinity tolerance
can also occur via sodium ion (Na*) exclusion via the xylem stream or the apoplast barrier of the root or
shoot tissues and the tolerance of tissues to a higher Na* influx [9,10]. Plants can adopt other possible
mechanisms, such as avoidance through anatomical changes in the root or leaf tissues or accumulative
metabolites that can cause changes in specific metabolic pathways under salt stress [11-13].

All these mechanisms involve gene expression alterations [14,15], epigenetic changes [16-18], and
community changes in the microbes associated with the plants [19-24].
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In plants, salinity causes oxidative stress and subsequently leads to the production of reactive
oxygen species (ROS) or free radicals, such as superoxide (O,°~), singlet oxygen (O), and hydrogen
peroxide (HyO,) [25]. Excessive salinity disturbs the osmotic balance and the water status, resulting in
stomatal closure, which decreases the CO,/O, ratio and subsequently reduces plant growth [26]
through over-reduction of the electron transport chain (ETC), which leads to an unbalanced
ATP/NADPH ratio [27,28]. This procedure induces excessive electron transfer to molecular oxygen
and greatly reduces the ROS generated mostly in Photosystem I (PSI) and Photosystem II (PSII), or in
the plastoquinone pool (PQ pool) [29]. These radicals can cause serious damage to cellular components
and DNA and may subsequently lead to metabolic dysfunction and plant growth impairment [30,31].

Plants tolerate oxidative stress caused by salinity through antioxidant mechanisms [32-34]. These
are subdivided into enzymatic and non-enzymatic antioxidant mechanisms. A number of non-enzymatic
antioxidants have been well characterized; these enzymes catalyze redox reactions and rely on electron
donation via reduction of low-molecular-weight antioxidants, such as glutathione, flavonoids, phenols
and free proline [25,35]. Enzymatic antioxidants, such as superoxide dismutase (SOD), catalase (CAT)
and ascorbate peroxidase (APX), have been previously reported as the major antioxidant enzymes that
serve as an antioxidant defense system in many plants under salt stress [36-39].

Several previous publications reported the positive effects of enzymatic and non-enzymatic agents
on salinity tolerance in plant species, including halophytes. For example, in a study on the response
of the tolerant sapodilla rootstock (Manilkara zapota (L.) P.Royen) to salinity, significant increases in
CAT and APX activities were observed when the rootstocks were exposed to 12 dSm~2 of diluted
seawater [40]. SOD and CAT activities increased significantly in the leaves of olive (Olea europaea L.)
subjected to 200 mM NaCl, suggesting a key role for antioxidants under salt stress [41]. In another
report, it was demonstrated that there was a significant increase in SOD, CAT, and APX activities in
the Chinese bayberry tree (Myrica rubra Siebold and Zucc.) when grown under oxidative stress [42].
Similarly, the non-enzymatic role of proline was increased in grapevine (Vitis vinifera L.) [43], and in
citrus rootstock Carrizo citrange, when grown under saline conditions [44].

However, little research has been conducted on the role of antioxidant agent activity in salinity
tolerance in date palms [45]. Therefore, the present study was carried out to investigate the role
of antioxidant agents in the salinity tolerance mechanisms of date palm. In this study two date
palm cultivars with contrasting salinity tolerance were used, and the enzymatic and non-enzymatic
antioxidants were quantified in leaf and root tissues, in response to salinity treatment. The results
showed that antioxidant agents play a crucial role in salinity tolerance by increasing their accumulation
in salinity-tolerant cultivars.

2. Materials and Methods

2.1. Seed Germination and Plant Growth Measurements

The two date palm cultivars (Phoenix dactylifera L.), “‘Umsila’ (salt tolerant) and ‘Zabad’ (salt
susceptible), were chosen based on previous observations and screening of various local date palm
cultivars for salinity tolerance [6]. The experiments were carried out at the Agricultural Experimental
Station (AES) of Sultan Qaboos University.

The seeds were germinated in sterilized moist vermiculite (no salt added) at 35 °C. After radicle
emergence, the seeds were transferred into 2-L pots filled with sand containing 0.5 g NPK (20:5:10)
slow-release fertilizer. The fertilizer included essential macronutrients, such as calcium and magnesium,
together with ferrous and micronutrient traces. The pots were irrigated to field capacity with distilled
water (0 mM NaCl) for the control treatment, or with NaCl solution at 240 mM for the salt treatment.
Initially, all seedlings were irrigated with distilled water for 10 days, then the concentration of salt in
the solution was gradually increased every week for five weeks until it reached the final concentration
of 240 mM NaCl. The pots were placed in a glasshouse under natural sunlight conditions, and the
plants were grown at 30 °C. Each treatment had three biological replicates. The selection of 240 mM
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NaCl concentration was based on the observations obtained from a previous study on screening of
date palm cultivars for salinity tolerance [6]. This concentration was the threshold for non-lethal stress
for these cultivars.

For growth measurement, the plants were separated into leaves and roots and their fresh weights
were recorded. Subsequently, the samples were dried at 80 °C in an oven for 48 h and their dry weights
were recorded.

At the end of the experiments, samples were collected, flashed directly into liquid nitrogen (LN),
and used for physiological and biochemical analyses.

The photosynthetic pigments in the leaves were extracted with 80% acetone and the concentrations
of chlorophyll, carotenoids and anthocyanins were measured by determining the absorbance via
spectrophotometry at 646, 480 and 567 nm respectively. Pigment concentrations in mg/g FW were
then calculated following the method of Porra et al. [46].

2.2. Measurement of Na* and K* Concentrations

Leaf and root samples were digested with 69% HNOj3 acid and H,O; (5:1 v/v). The Na* and K*
concentrations were quantified using flame photometry (Microprocessor Flame Photometer, Electronics
India, Model 1382, Parwanoo, Himachal Pradesh, India) against Na* and K* standards of known
concentration, following a previously described method [47].

2.3. Determination of Hydrogen Peroxidase and Lipid Peroxidation

Quantification of HyO, in plant tissues was carried out following a previously established
protocol [48]. Briefly, 0.5-g samples of leaf and root tissues were ground in LN, and a potassium
phosphate buffer (KPB) (pH 6.8). The extracts of the various samples were centrifuged at 6000 x g for
25 min at 4 °C. A 100-pL aliquot of the supernatant was added to 1 mL of xylenol solution, thoroughly
mixed and allowed to stand for 30 min. The intensity of the color, which directly represents the amount
of HyO, in the sample, was measured by spectrophotometer at 560 nm.

Lipid peroxidation was determined by measuring the amount of malondialdehyde (MDA), a
product of lipid peroxidation, using the calorimetric method as described by Stewart and Bewley [49].
One gram of fresh leaf or root tissue was ground in LN,. Then, the ground tissues were suspended in
0.5% thiobarbituric acid in 20% trichloroacetic acid solution. Subsequently, the mixture was heated to
95 °C for 30 min and cooled quickly in an ice bath. The mixture was then centrifuged at 10,000x g
for 10 min, and the absorbance of the supernatant was determined spectrophotometrically at 532 nm
and at 600 nm for the non-specific absorbance value. The MDA concentration was calculated from the
extinction coefficient at 155 mM~! em 1.

2.4. Determination of Antioxidant Enzymatic Activity

SOD enzyme activity was assayed according to the previously published protocol of Beauchamp
and Fridovich [50], which is based on inhibition of the photochemical reduction of nitro blue
tetrazolium (NBT). Briefly, 0.5-g samples of leaf or root extracts were prepared by grinding in 5 mL
of potassium phosphate buffer (pH 7), mixed with ethylenediaminetetraacetic acid (EDTA) (pH 7.8)
and 1% PVPP. The extract was centrifuged at 6000 x g for 10 min. The resultant supernatant obtained
in this experiment was the enzyme extract. The reaction mixture contained 100 mM KPB, 100 mM
methionine, 2 mM NBT, 2 mM riboflavin, 445.7 uL of water, and 50 pL of enzyme extract. The reactants
were then placed under a 20-W fluorescent lamp for 15 min and the samples in the tubes were covered
with a black cloth. At the end of the reaction, the absorbance at 560 nm was determined.

CAT was measured in the samples based on a previously established protocol [51]. Briefly, leaf
and root samples were ground in LN, and added to 5 mL of the extraction buffer (25 KPB, 0.5 mM
EDTA, 2% (w/v) PVPP (pH 7.8)). Enzyme extract was centrifuged at 15,000x g at 4 °C for 15 min.
The reaction was carried out using an aliquot of 50 pL of the enzyme extract, 500 mM KPB (pH 7.0),
100 mM H0O,, and 750 uL of water. Absorbance was measured using a UV spectrophotometer at
240 nm with an extinction coefficient of 0.04 mM ! cm~1, for a period of 1 min.
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APX activity was measured using the method of Nakano and Asada [52]. Plant tissues (0.5 g)
were ground in 0.1 M of phosphate buffer (pH 7.0). Enzyme extract was centrifuged at 11,000 x g for
25 min at 4 °C. The reaction included 600 pL of the enzyme extract, 0.1 M phosphate buffer, 5 mM
ascorbate, and 0.5 mM H,0O;. Absorbance was measured using a UV spectrophotometer at 290 nm
with an extinction coefficient of 2.8 mM~! em ™!, for a period of 1 min.

2.5. Determination of Non-Enzymatic Antioxidants

Total phenolic content (TPC) concentration was measured in leaf and root samples following a
previously established protocol [53]. Briefly, 0.5-g samples of plant tissue were powdered in LN; and
then extracted by shaking for 3 h at room temperature, with a 100% methanol solution. Subsequently,
the extract was centrifuged at 10,000 g for 10 min at 4 °C. The TPC reaction included 100 uL of
the plant extract, 900 uL dH;O, 1 mL of diluted phenol reagent (1:2), and 0.4 M sodium carbonate
(NapCO3). The reaction mixture was incubated for 5 min at 50 °C, then cooled and placed in the dark for
2 h at room temperature. Absorbance was measured spectrophotometrically at 765 nm. The standard
curve was prepared using gallic acid and the TPC was calculated in mg gallic acid equivalent/g of
fresh weight of the plant tissues.

Total flavonoid content (TFC) was estimated using the AICl3 method, as previously
established [54]. Samples of 0.5 g of leaf or root tissue were ground in LN, and then in 80% methanol.
Solutions of 2.9 mL of methanol, 10% AlCl3.6H;0, 5% sodium potassium tartrate, and 0.5 mL dH,O
were sequentially added to a 100-pL aliquot of the extract. The mixture was vigorously shaken, and
the absorbance measured by spectrometer using light of wavelength 415 nm. The standard curve was
prepared using catechin and the results were expressed as mg catechin equivalent/g of fresh weight of
the plant tissues.

Total glutathione (GS) concentration was determined as previously described [55]. The reaction
component included 500 pL of the plant extract, 0.2 M Tris buffer (pH 8.2), 0.1 M 5,5-dithiobis-(2-
nitrobenzoic acid) (DTNB), and 3.9 mL of methanol. The components were shaken for 15 min at room
temperature and the absorbance measured by spectrophotometer at 412 nm. The GS concentration was
estimated, and the standard curve was prepared, using a stock solution of reduced glutathione (GSH),
and the total GS concentration was expressed as mg/g of fresh weight of the plant tissues. Proline
concentration was determined by the colorimetric method, according to Bates et al. [56].

2.6. Data Analysis

Data were analyzed using one-way analysis of variance (ANOVA) and the SPSS statistical package
version 21 (IBM Corp., Armonk, NY, USA). Tests of significance were carried out using Duncan’s
multiple range test (DMRT) at p = 0.05.

3. Results

3.1. The Effect of Salinity on Growth and Na* and K* Uptake

The changes in biomass under the different treatments were represented as fresh and dry weight
changes. These changes were used as an indicator of growth inhibition due to salinity. The results
showed that under control conditions, “‘Umsila” exhibited a significantly (p < 0.05) higher fresh and
dry weight (Figure 1). The results also showed a significant reduction (p < 0.05) in the fresh and dry
weights of leaf tissues and the dry weight of root tissues in both cultivars (Figure 1). Although salinity
showed a significant (p < 0.05) negative effect on the fresh weight of ‘Zabad’, there was no significant
(p < 0.05) effect on the root fresh weight of ‘Umsila’ (Figure 1B). It was observed that salinity has a
higher negative impact on fresh and dry weights of the leaves and root tissues in “Zabad’ than on these
tissues in ‘Umsila’.
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Figure 1. The effect of salinity on the fresh weight (A,B) and dry weight (C,D) of date palm seedlings
when subjected to control (0 mM NaCl) and salinity (240 mM NaCl) conditions. Bars represent the
mean =+ SE (n = 3).

Plants often alter the amounts of chlorophyll, carotenoid and anthocyanin pigments produced in
their leaf tissues, in order to protect the photosynthetic system against abiotic stress. In this study, we
aimed at understanding the response of the pigments when date palm seedlings grew under saline
conditions. The analysis of the photosynthetic pigments in date palm seedlings revealed that salinity
had no significant (p < 0.05) impact on the accumulation of chlorophyll in ‘Umsila’. However, there
was a significant (p < 0.05) negative effect on the chlorophyll concentrations in ‘Zabad’ (Figure 2A).
Similarly, salinity did not show a significant (p < 0.05) effect on carotenoid accumulation in either
cultivar (Figure 2B), but salinity showed a significant (p < 0.05) negative effect on the accumulation of
anthocyanin in the leaves of ‘Zabad’ (Figure 2C).
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Figure 2. The effect of salinity on the total chlorophyll (A), total carotenoid (B), and anthocyanin
concentrations (C) in date palm seedlings when subjected to control (0 mM NaCl) and salinity
(240 mM NaCl) conditions. Bars represent the mean + SE (n = 3).

The salinity tolerance capacity is partially dependent on the ability of the plants to avoid Na*
and to enhance K* accumulation. In order to understand the mechanism behind salinity tolerance
in “Umsila’, Na*™ and K* concentrations in leaf and root tissues were quantified. The results showed
that ‘Umsila’ leaf tissues accumulated less Na* than ‘Zabad’ leaf tissues, when grown under control
conditions. When exposed to salinity, the leaf tissues of ‘Umsila” had the ability to significantly
(p < 0.05) reduce the amount of Na* they contained, though the amount was not significantly changed
in the root tissues. Although the amount of Na™' in ‘Zabad’ tissues was significantly (p < 0.05) increased,
Na* concentration in “Umsila’ root tissues was not affected (Figure 3A) after exposure to salinity.

Although K* concentration was significantly (p < 0.05) increased in the leaf tissues of ‘Umsila
under the high-salinity treatment, this concentration was significantly decreased in “Zabad’ leaf and
root tissues. However, this treatment had no significant effect on the concentration of K* in root tissues
of ‘Umsila’ (Figure 3B). The increase in Na* and the low K* uptake in ‘Zabad’ resulted in an increase
in the Na* /K* ratio in “Zabad’ (Figure 3C).
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Figure 3. The effect of salinity on sodium (Na*) (A) and potassium (K*) (B) accumulation and on the
Na*/K* ratio (C) in date palm seedlings when subjected to control (0 mM NaCl) and salinity (240 mM
NaCl) conditions. Bars represent the mean =+ SE (n = 3).

3.2. The Effects of Salinity on the Accumulation of HyO, and MDA

To investigate the role of H,O; in salinity tolerance in date palm seedlings, the H,O, concentrations
in leaf and root tissues of ‘Umsila” and ‘Zabad’ were quantified when the plants grew under normal and
saline conditions. The results revealed that under normal conditions, the H,O, concentrations of the
leaf tissues of “Umsila’” and ‘Zabad’ were similar. However, the H,O, concentration in the root tissues
of ‘Umsila’ was significantly (p < 0.05) higher than in “Zabad’. The results also showed that while the
H,0O; concentration was not affected in the root tissues of ‘Umsila’, this concentration was significantly
(p < 0.05) reduced in the leaf tissues of the same cultivar under salinity treatment (Figure 4A). However,
the results showed that, due to salinity, the amounts of H,O, were significantly (p < 0.05) increased in
the leaf and root tissues of ‘Zabad’ (Figure 4A).
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Figure 4. The effect of salinity on the activity of hydrogen peroxidase (A) and malondialdehyde (B),
when date palm seedlings were exposed to control (0 mM NaCl) and high-salinity (240 mM NaCl)
conditions. Bars represent the mean & SE (n = 3).

MDA plays an important role in disturbing membrane integrity and in controlling programmed
cell death in plants. Therefore, maintaining the minimum amounts of this molecule under salinity
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stress is a key factor in keeping plants healthy and in their subsequent acquisition of tolerance to
salinity. Quantification of MDA in leaf and root tissues of date palm seedlings grown under normal
and saline conditions revealed that the amount of MDA in the leaf and root tissues of ‘Umsila’ and
‘Zabad’ is similar when the seedlings grew under normal conditions. While the MDA concentration of
‘Umsila’ cultivar was not affected, the MDA concentration was significantly (p < 0.05) increased in the
leaf and root tissues of “Zabad’ under salinity conditions (Figure 4B).

3.3. The Effects of Salinity on Antioxidant Enzymatic Activity

The enzymatic antioxidant activities of SOD, CAT, and APX were measured in ‘Umsila” and
‘Zabad’ seedlings in order to investigate the contribution of these enzymes to the salinity tolerance
mechanism of this plant. In general, it was observed that leaf tissues showed a significantly (p < 0.05)
higher concentration of SOD activity than root tissues (Figure 5A). Under normal conditions, SOD
activity was significantly (p < 0.05) higher in the leaves of “Umsila’ than in the leaves of ‘Zabad’.
However, it was significantly (p < 0.05) lower in the roots of ‘Umsila” than in the roots of ‘Zabad’.
When exposed to salinity, SOD activity was significantly (p < 0.05) decreased in the leaves of ‘Umsila’
and ‘Zabad’ and in the roots of ‘Zabad’. However, it was significantly (p < 0.05) increased in the roots
of ‘Umsila’ (Figure 5A).
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Figure 5. Differential enzymatic antioxidant activity of superoxide dismutase (SOD) (A), catalase (CAT)
(B) and ascorbate peroxidase (APX) (C) in date palm seedlings when subjected to control (0 mM NaCl)
and salinity (240 mM NaCl) conditions. Bars represent the mean + SE (1 = 3).
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Quantification of the enzymatic activity of CAT revealed that ‘Zabad’ had significantly (p < 0.05)
higher enzymatic activity than ‘Umsila’ in the leaf tissues. However, the activity was very similar in
the root tissues of both cultivars when the seedlings were grown under normal conditions (Figure 5B).
The results showed that there was a significant (p < 0.05) increase in CAT activity in the leaf tissues
of ‘Umsila’. However, there was a significant (p < 0.05) decrease in CAT activity in the leaf and root
tissues of ‘Zabad’, as well as in the root tissues of “‘Umsila’, in response to salinity (Figure 5B).

The results of this study showed that salinity stress significantly (p < 0.05) increased the activity
of APX in the leaf and root tissues of ‘Umsila’. However, salinity did not enhance the APX activity
in “Zabad’ (Figure 5C). The increase in APX activity in the leaf tissues of ‘Umsila” due to salinity was
remarkable, indicating a significant involvement of this enzyme in salinity stress tolerance in date palms.

The role of the non-enzymatic antioxidants GS, TPC, TFC, and free proline in salinity tolerance
was investigated in date palm seedlings subjected to control and saline conditions. Glutathione was
accumulated similarly in “Umsila’ and ‘Zabad’ tissues, when the plants grew under normal conditions
(Figure 6A). Under saline conditions, glutathione was significantly (p < 0.05) increased in the leaf and
root tissues of ‘Umsila’. However, salinity had no significant (p < 0.05) effect on the accumulation of
glutathione in the leaf tissues of “Zabad’ seedlings (Figure 6A).

The analysis of TPC in date palm seedlings grown under normal conditions revealed that ‘Umsila
leaf tissues contained the highest amount of TPC, compared to other tissues. The analysis also showed
that salinity significantly (p < 0.05) increased the accumulation of TPC in the leaf and root tissues of
‘Umsila’. However, it significantly (p < 0.05) decreased the accumulation of TPC in the leaf tissues of
‘Zabad’ and had an insignificant (p < 0.05) effect on accumulation in the root tissues (Figure 6B).

Quantification of TFC in date palm seedlings showed that leaf and root tissues of both cultivars
contained similar amounts when the plants were grown under control conditions. The analysis also
revealed that the accumulation of these chemicals was significantly (p < 0.05) enhanced in the ‘Umsila’
leaf and root tissues when grown under salt stress. However, the accumulation of TFC was significantly
(p < 0.05) inhibited in ‘“Zabad’ under the same environmental conditions (Figure 6C). Similarly, free
proline accumulation analysis showed that salinity significantly increased the accumulation of proline
in the leaf and root tissues of ‘Umsila’, but the amount of proline was significantly (p < 0.05) decreased
in the leaf and the root tissues of “Zabad’, when exposed to salinity (Figure 6D). Interestingly, under
normal conditions, the amount of proline in ‘Umsila” and ‘Zabad’ tissues was similar.
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Figure 6. The effect of salinity on the concentrations of the non-enzymatic antioxidants total glutathione
(GS) (A), total phenolic content (TPC) measured as mg gallic acid equivalent/g of fresh weight of the
plant tissues (B), total flavonoid content (TFC) measured as mg catechin equivalent/g of fresh weight
of the plant tissues (C) and proline (D) in date palm seedlings when subjected to control (0 mM NaCl)
and salinity (240 mM NaCl) conditions. Bars represent the mean + SE (1 = 3).

4. Discussion

Salinity tolerance is an important trait for plants such as date palms that grow in arid and
semi-arid areas where water has high concentrations of salts [57]. Plant species and cultivars vary
in their ability to tolerate salinity, due to changes in their genetic and epigenetic makeup which took
a long time to evolve [58]. In date palms, the “‘Umsila’ cultivar had previously been identified as a
salinity-tolerant cultivar and ‘Zabad’ as a salinity-susceptible cultivar [6]. However, the mechanisms
behind this salt tolerance trait are yet to be identified. Tolerance may involve a single mechanism
or several mechanisms, such as the ability to avoid salts in the soil, the ability to compartmentalize
Na* ions among different tissues and cells, or the ability to deal with the consequences of excessive
amounts of salt in cells by producing additional quantities of antioxidants [26].

In this study, we focused on the role of antioxidants in salt tolerance in date palms. ‘Umsila’ showed
an ability to grow better and to maintain fresh and dry weights, compared with the salt-susceptible
‘Zabad’ cultivar. The results showed that salinity did not have a negative effect on the fresh weight of
‘Umsila’. This could be attributed to the ability of this tolerant cultivar to maintain enough water in
the root tissues in response to salinity. Despite the fact that salinity showed a negative effect on both
cultivars in terms of the dry weight of tissues, the reduction in “Zabad’ was much higher than that
observed in “‘Umsila’ (Figure 1). In fact, salt-tolerant date palms [3,6], as well as other plant species,
are able to maintain growth vigor, in comparison with susceptible plant species [26], especially when
they are able to maintain the photosynthetic machinery by protecting the photosynthetic pigments
chlorophyll, carotenoid, and anthocyanin. This protection is further enhanced when these plants are
able to exhibit a functional oxidative protective mechanism. This was clearly observed in “Umsila’
seedlings when grown under saline conditions (Figure 2).
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Our previous screening study results showed no effect of salinity stress on the quantum yield
efficiency of PSII (Qy) in the ‘Umsila’ plants, indicating optimal functioning of PSII. Hence, the
photosynthetic machinery is well protected, and leaf and root growth maintained.

The ability of ‘Umsila’ to exhibit better growth than ‘Zabad’ probably stems from the fact that it
can better control the accumulation of Na* and K* ions in its tissues (Figure 3). While the amounts of
Nat ions in the leaf and root tissues of ‘Umsila’ did not increase, the amounts of Na* ions in the leaf
and root tissues of ‘Zabad’ increased enormously when the plants were grown under saline conditions
(Figure 3). Unlike in ‘Umsila’, amounts of K* ions were decreased in ‘Zabad’ under the same conditions.
Excessive amounts of cellular Na* ions have several negative impacts on plants and may cause cellular
toxicity [59], a situation which “‘Umsila’ was able to avoid by reducing the absorbance of Na* ions and
increasing the accumulation of K* ions in its leaf tissues, thereby maintaining a healthy Na*/K* ratio
balance in the cytosol [60]. Although ‘Umsila” was able to achieve or maintain a low concentration of
H;0; and MDA, the amount of these ROS increased in ‘Zabad’ under saline conditions (Figure 4). This
could be the reason behind the susceptibility of ‘Zabad’ to salt stress. Several reports have previously
shown that high salinity induces oxidative stress in various plant species [37,61]. Various studies have
reported that salt stress alters the structure and the composition of the lipids in the plasma membrane.
This alteration affects the degree of saturation of free fatty acids and free sterols, which may eventually
lead to a decrease in the fluidity of the cell membrane [62,63]. A salt-tolerant genotype, such as
“Umsila’, produces a lower concentration of HyO, and MDA than ‘“Zabad’, which may contribute to
the greater salt tolerance.

The salt tolerance in ‘Umsila’ may also involve an overproduction of SOD, CAT, and APX when
the seedlings are exposed to salinity. This pattern of antioxidant enzymatic activity was not observed
in ‘Zabad’, where salinity led to a reduction in the activity of these enzymes (Figure 5). This reduction
could be due to damage in the antioxidant system. This system is essential, when active, in facilitating
the conversion of superoxide anions and singlet oxygen from the Mehler reaction in the chloroplast, to
hydrogen peroxide in the thylakoid [64].

Consistent with our findings, various studies have previously reported that SODs increase in
response to abiotic stresses in plants [65,66], including salinity [67].

“Umsila’ produced higher levels of active CAT scavenger enzyme than ‘Zabad’ leaf tissues when
exposed to salinity (Figure 5). Recently it was reported that H,O, formation is inhibited by the
photosynthetic electron transport inhibitor 3-(3,4-dichlorophenyl)-1,1-diethylurea (DCMU), where
plastid terminal oxidase (PTOX) receives electrons from plastoquinol and reduces oxygen to water
instead of HyO, in PSII [64]. As in “Umsila’, it was previously reported that CAT activity increased in
the leaf of Calendula officinalis L. under saline conditions [68]. The low level of CAT activity in the root
of ‘Umsila’ could be because the H,O, concentration did not significantly increase in the root system,
compared to the leaf system, in response to salinity (Figure 4A), or possibly because photosynthesis
mainly occurs in the leaf tissues and, therefore, there is a low probability of an electron imbalance in
the roots. Therefore, the concentration of H,O; in the root tissues did not reach a critical level that
could activate CAT, since this enzyme has a low affinity to H,O, [69].

The results obtained from this study revealed that there was a significant increase in the levels of
APX activity in both leaf and root tissues of “‘Umsila’ (Figure 5C). This is another indication that the
salinity-tolerant ‘Umsila’ cultivar can decompose the elevated concentrations of ROS produced in the
cells due to salinity, with higher efficiency than the susceptible “Zabad’ cultivar. The high level of APX
activity could be due to the presence of substantial amounts of ascorbate [70], which may donate the
electron in the ascorbate-glutathione (ASC-GSH) cycle, thus detoxifying the HyO; in the chloroplast
to water molecules. The high level of APX activity in the ‘Umsila’ tissues may not only be used to
scavenge the generated HyO; but it may also function by disposing of the excessive excitation energy
of the electrons. It has been reported that the ASC-GSH cycle, which protects against stress, also acts
as an alternative energy and electron sink in the chloroplast [71,72]. In a study on Eutrema salsugineum
(Pall.) Al-Shehbaz & Warwick, 2005 grown under saline conditions, it was reported that activation of



Agriculture 2019, 9, 8 12 of 17

the ASC-GSH cycle is an avoidance mechanism for the single-oxygen-mediated damage in PSII, and
also helps to maintain highly reduced states of the PQ pool [73].

In addition to the increase in the enzymatic antioxidants in “Umsila’, there was also an increase in
non-enzymatic antioxidants such as GS, TPC, TFC, and proline, due to salinity. In the roots of “Umsila’,
there was a significant increase in the GS (Figure 6A), probably as a result of the activation of a redox
homeostasis mechanism such as the ASC-GSH cycle, in response to salt stress [74-76]. The root-specific
increase of GS in ‘Umsila’ could be due to an increase in the demand for sulfur ions under salinity
stress. Therefore, there is a requirement to synthesize sulfur-containing compounds, such as GS [77].

Date palm plants are rich in flavonoids, phenolic acid, sterols, carotenoids, procyanidins, and
anthocyanins, and their concentrations depend on the soil conditions [78-80]. The increase in TPC
in the leaf and root tissues of “‘Umsila’ could be a defensive mechanism developed by this cultivar in
order to tolerate salinity through an affective ROS scavenging pathway. On the other hand, there was
a slight increase in TPC in the root tissues of ‘Zabad’ as a result of the significant increase in Na* ions
and ROS accumulations. However, this increase was apparently not enough to ameliorate the salinity
stress. A study on Salacca zalacca (Gaertn.) Voss has reported that phenolic compounds have redox
properties and play an antioxidant role in abiotic stress tolerance [81-83]. Salinity has induced the
accumulation of TPC in Setaria italica (L.) P. Beauv. [84], as well as in a number of halophytes [85,86],
and in the tolerant genotypes of Morus alba L. [87].

The results obtained from this study revealed that the high-salinity treatment of date palm
seedlings induced the accumulation of TFC only in the “Umsila’ cultivar (Figure 6C). A previous study
has shown that biosynthesis of antioxidant flavonoids is triggered under stress conditions, when the
activity of antioxidant enzymes against ROS starts to decline [88,89]. However, their role in salinity
tolerance mechanisms is unclear [90,91].

In addition to being a signal molecule, proline amino acid is considered an antioxidant and an
osmolytic agent that plays an important role in salinity tolerance in plants [92]. The accumulation of
proline was also enhanced in the “‘Umsila’ tissues in response salinity (Figure 6D). Despite the fact that
proline is a common response element for most abiotic stresses in date palm cv. Khalas [45], surprisingly,
it was not accumulated in response to salinity in ‘Zabad’. This could be due to malfunctioning in the
glutamate or other signaling pathways leading to synthesis of proline in this cultivar under high-salinity
conditions. Low amounts of proline production in ‘Zabad” may provide this plant with a lower
antioxidant capability and subject the cells of the plant to a higher probability of electrolyte leakage.

5. Conclusions

Our results suggest that the salinity tolerance of ‘Umsila’ is due to the ability of this cultivar to
take up low amounts of Na* and high amounts of K* ions. In addition, the tolerance can be attributed
to the ability of ‘Umsila’ to protect the photosynthetic pigments and, thus, maintain photosynthates,
thereby minimizing any loss in biomass due to salinity. ‘Umsila” also has the capacity to minimize the
amount of HyO, and MDA produced due to salt stress, to activate the antioxidant enzymes SOD, CAT,
and APX, and to increase the accumulation of non-enzymatic antioxidant reagents such as GS, TPC,
TFC, and proline, hence maintaining the oxidative stress balance between ROS and scavengers. These
activities are poorly managed in the salt-susceptible ‘Zabad’ cultivar. Therefore, antioxidation could
represent a key mechanism for salt tolerance in date palms. Further studies are needed to describe
other components of this mechanism.
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