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Abstract:



Date palm (Phoenix dactylifera L.) is a major fruit tree in the Middle East and it is a plant considered to be tolerant to a variety of abiotic stresses, including salinity. However, the physiological basis of its salinity tolerance is not fully known. The objective of this study was to screen Omani date palm cultivars for tolerance or susceptibility to salt stress. Seedlings from 10 commercially important date palm cultivars were subjected to 240 mM NaCl, and several physiological parameters related to salinity tolerance traits were evaluated upon treatment. The cultivars were divided into two groups based on the dry weight (DW) of their leaf and root tissues, a parameter which was used as an indication of healthy growth. The results revealed that photosynthesis, electrolyte leakage (EL), and the shoot K+/Na+ ratio were all significantly reduced in the susceptible cultivars. In addition, the relative water content was higher in the tolerant cultivars in comparison with the susceptible ones. These results suggest that although date palm is tolerant to high salinity, there is variation in tolerance among different cultivars. Shoot Na+ exclusion, photosynthesis, and membrane stability are apparently the main determinants of tolerance and can be used in salinity tolerance screening of date palm. The results have shown new very tolerant cultivars (Manoma and Umsila) that could serve as genetic resources for improved date palm tolerance to salinity.
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1. Introduction


Saline environments present a major worldwide threat to agriculture, resulting partly from the irrigation of arable lands with salt-containing water. Global annual losses in agricultural crops due to salinization add up to more than US $12 billion [1]. Salinity is a multifactorial trait, the first effects of which are osmotic, whereby the presence of high concentrations of NaCl inhibits water uptake, leading to slow growth or growth arrest and eventual death for sensitive plants [2]. This osmotic component is very severe because it induces stomatal closure via abscisic acid (ABA) signaling pathways, with a consequential reduction in gas exchange and hence the rate of photosynthesis [3]. In addition to osmotic stress, Na+ is known to affect chlorophyll [4], an essential pigment for photosynthetic machinery, leading to high biomass reduction [5].



Both excess Na+ accumulation and osmotic stress often induce secondary stresses, including oxidative stress and nutrient deficiency. Oxidative stress results from the production of reactive oxygen species (ROS) (mainly O2−) in the electron transport chains of photosynthesis (chloroplast), respiration (mitochondria), and photorespiration (peroxisomes). These ROS often degrade membrane lipids through peroxidation, leading to electrolyte leakage and, consequently, the obstruction of cellular functions and cell death [6]. Thus, tolerance to salt stress can be evaluated on the basis of a plant’s ability to prevent or reduce electrolyte leakage or to maintain membrane integrity under saline conditions. An important component of these leaked electrolytes is potassium ions (K+). K+ is essential for almost all stages of plant development, and it also intervenes in most physiological processes, including pH regulation, the maintenance of membrane potentials, nyctinastic leaf movements, stomatal aperture regulation, and protein trafficking [7]. Owing to these multiple functions of K+, K+ homeostasis under salt stress has become the focus of stress tolerance studies. Particularly, the cytosolic and, to a lesser extent, tissue K+/Na+ ratio is known to be a key salt stress tolerance trait and a strong determinant of salt stress tolerance [8]. Excess Na+ in the soil often inhibits the uptake of other elements, resulting in nutrient deficiency. This inhibition is more pronounced on K+ than it is on other elements, since both Na+ and K+ have similar physico-chemical characteristics, with Na+ often negatively interfering with K+-dependent processes, such as enzyme activation. This results in the interruption of metabolic processes such as photosynthesis, as K+ is involved in the activation of many photosynthetic pathway enzymes [9]. Therefore, Na+ exclusion, especially from the leaf, is often beneficial in protecting essential metabolic processes such as photosynthesis, which is crucial for biomass production. In this regard, many plants have developed efficient exclusion mechanisms, including extruding Na+ from the root cells into the soil, the retrieval of Na+ from the xylem vessels into the xylem parenchyma cells, and the recirculation of Na+ from shoot to root and eventually back to the soil via the phloem [10,11,12,13]. Furthermore, tissue tolerance, such as vacuolar Na+ sequestration in the leaf, is equally important as it offers cheap osmoticum for cell turgor, as opposed to organic solute synthesis, which is of high metabolic cost for plants [11].



Adaptation to salinity is highly variable among plant species, cultivars of the same species, and even among individuals of the same cultivar, making the stress very complex and exceedingly difficult to overcome even through genetic engineering, since it is multigenic in nature [14]. Therefore, establishing the differential salt stress tolerance among cultivars through screening would yield useful genetic resources for crop breeding. This has been very successful in many cereals, including rice [15] and wheat [16].



Date palm is a monocot and staple fruit in many arid and semi-arid regions of the Middle East and North Africa. It has over 100 cultivars and basically, little is known about the adaptation of these plants to salinity, and the few available studies employ only a very few cultivars (generally one to four) [17,18,19,20,21,22,23,24]. This is a serious deficit, because salinity is encroaching on vast swathes of arable land, including the areas where these date palms are grown. These regions are dry and the absence of fresh water forces growers to resort to salt-containing water for irrigation, which often results in the accumulation of salts in these soils. Some of these cultivars, especially those growing along coastal areas, are known to be tolerant and capable of growing in salinities of over 300 mM NaCl [25,26], while others show sensitivity at the same salinity level. However, the physiological basis of this tolerance or sensitivity is not fully known. Thus, screening these cultivars for salt stress tolerance can yield valuable information on the adaptive mechanisms of these plants and provide resources for improved date palm production in these marginal areas.



Therefore, the objective of this study was to screen cultivars of date palms growing in farms of different salinity levels in Oman and to establish the mechanisms of adaptation that they employ to tolerate salt stress. We thus sought to answer two fundamental questions: do these cultivars have similar adaptive mechanisms to salt stress? If different, what are the main defining tolerance or susceptibility traits endowed in each cultivar or group of cultivars?




2. Materials and Methods


2.1. Plants, Seed Germination, and Growth Conditions


Date palm is a dioecious plant. In order to reduce the paternal genetic background variation, a single pollen grain source was selected to produce seeds for 10 date palm (Phoenix dactylifera L.) cultivars (Zabad, Umsila, Nagal, Abunarenja, Fard, HilaliOmani, Nashukharma, Barni, Manoma, and Khalas). The pollination process was manually carried out at the Agricultural Experimental Station (AES) of Sultan Qaboos University. These 10 cultivars were chosen because they are known to grow in salted-affected areas.



After complete ripening, the fruits were collected and the seeds were extracted and used in the experiment. The seeds were germinated in sterilized moist vermiculite at 35 °C. Immediately after radicle emergence, seeds were transplanted into 2-L pots filled with peat moss and Perlite (2:1, v/v). The soil contained 0.5 g NPK (20:5:10, including micro-nutrients) fertilizer. Plants were kept in a glasshouse under natural sunlight conditions and at a constant temperature of 30 °C. Five weeks after germination, the seedlings were fertilized again using the same fertilizer dosage.



The electrical conductivity (EC), temperature, and moisture content of the soil in the pots were monitored using data loggers (DECAGON, Em50, 2012, Pullman, WA, USA). For establishment, the pots were irrigated with only tap water for two weeks. Then the pots were arranged in a completely randomized experimental design and subjected to 0 mM (control) and 240 mM NaCl (salt stress). Each treatment had four replicates and each replicate consisted of a pot containing a single plant. The plants were monitored under the treatments for 30 days. At the end, measurements were carried out and samples collected for various physiological analyses.




2.2. Plant Growth and Leaf Area Measurements


The plants were separated into shoots and roots and their fresh weights were recorded, then the samples were dried at 80 °C in an oven for 48 h and their dry weights were recorded. The leaf area of each plant was determined using a portable area meter (CI-202, Camas, WA, USA). Portions of these samples were frozen in liquid nitrogen stored at −80 °C.




2.3. Gas Exchange and Chlorophyll Fluorescence Measurements


Gas exchange measurements were taken between 9:00 am and 11:00 am on one leaf of each plant after four weeks of treatment, using a portable photosynthesis system (LCpro-SD, ADC BioScientific, Hoddesdon, UK). Each measurement was taken for 60 min after placing the leaf in the leaf cuvette. The parameters recorded include net photosynthetic rate (A), stomatal conductance (gs), transpiration rate (E), and intercellular CO2 concentration (Ci). The reference CO2 was maintained at a rate of 600 μmolCO2/mol and a photosynthetic flux density of 869 μmol m−2 s−1. Water use efficiency (WUE) was calculated as: WUE = A/E. The ratio of variable to maximum chlorophyll fluorescence (Fv/Fm) as a parameter for the maximum quantum yield efficiency of photosystem II was measured on dark-adapted leaves, using a rapid screening fluorometer (Pocket Pea, Hansatech Instruments, King’s Lynn, London, UK). The values obtained from the fluorometer were analyzed with the PEA software.




2.4. Measurement of Na+ and K+ Concentrations


The shoot and root samples were dried at 80 °C for 48 h and weighed. The dried samples were later digested with concentrated HNO3 acid and H2O2 (5:1 v:v), as previously described [27]. The Na+ and K+ concentrations in the digested samples were measured using a flame photometer (Microprocessor Flame Photometer, Electronics India, Model 1382, Parwanoo, Himachal Pradesh, India against known concentrations of Na+ and K+.




2.5. Chlorophyll Concentration


For the chlorophyll concentration of the leaves, chlorophyll was extracted from four leaf discs with 80% acetone, and the absorbance of the resulting extracts was measured by spectrophotometry (Thermo SPECTRONIC, Helios, Madison, WI, USA) at wavelengths of 646 nm and 663 nm. The chlorophyll concentration in (mg/g fw) was then calculated following the method of [28].




2.6. Relative Water Content


The relative water content was measured according to [29,30]. The fresh leaf tissues were weighed to get the fresh weight (FW) before being placed in Petri-dishes with water and incubated at room temperature for 24 h. The tissues were later taken out, blotted dry, and weighed to get the turgid weight (TW). Subsequently, the samples were dried at 80 °C for 24 h and weighed again to obtain the dry weight (DW). The relative water content (RWC) was then calculated according to the formula: RWC = (FW − DW/TW − DW) × 100.




2.7. Electrolyte Leakage


Electrolyte leakage was measured according to [31]. The fresh leaf samples were placed in vials with 10 ml of deionized water and shacked at 100 rpm for 24 h at room temperature. The first electrolyte leakage (EC1) was then recorded. Next, maximum conductivity (EC2) was obtained by placing the vials in the autoclave (Aster, Inc., Placentia, CA, USA) at 120 °C for 20 min. The result was then recorded. Electrolyte leakage was calculated as: electrolyte leakage = (EC1/EC2) × 100. The values were expressed as a percentage of maximum conductivity.




2.8. Statistical Analysis


All data were analyzed by using the one-way analysis of variance (ANOVA) using the SPSS statistical package version 21 (IBM Corp, Armonk, NY, USA). The means were separated using Duncan’s Multiple Range Test (DMRT) at p = 0.05. The data were checked for normality using exploratory data analysis in SPSS. Normal distributions were determined using the Shapiro-Wilk Test at p > 0.05, and skewness between −1.0 and +1.0. Correlation between measured parameters was carried out in SPSS using Pearson’s correlation analysis and data were displayed as the Pearson’s correlation coefficient (r) and p-values. Analysis of variance (two-way-ANOVA) was used to study the interaction effects between the cultivars and treatments for all measured parameters.





3. Results


3.1. Effects of Salinity on Growth


The effect of salinity was investigated on the seedlings of 10 date palm cultivars in a glasshouse under controlled conditions. Statistical analysis based on the growth data, expressed as the DW percentage of the control of all 10 cultivars, revealed two distinct growth patterns that can be used to separate the cultivars into two categories (Figure 1).


Figure 1. Effect of salinity (240 mM NaCl) on the shoot and root growth of tolerant (A) and susceptible (B) date palms. Data were presented as a percentage of the control. Bars represent mean ± SE (n = 3).
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The first category comprises Zabad, HilaliOmani, Nashukharma, Khalas, Barni, and Abunarenja, while the second category is composed of Manoma, Umsila, Fard, and Nagal cultivars. It was observed that under salt stress, the root and shoot DW of the cultivars in the first category was lower than in the cultivars of the second category. Among all 10 cultivars, Manoma had the highest shoot growth (113% of the control), whereas Zabad had the lowest (28% of the control). Under salt stress, visual symptoms such as leaf tip burn were only found in Zabad, which appeared to be the most sensitive to salinity among the cultivars in the first category.




3.2. Photosynthesis and Quantum Yield Efficiency of PSII Activity


Since photosynthetic efficiency is directly related to biomass production in plants, the net photosynthetic rate (A), stomatal conductance (gs), transpiration (E), and internal CO2 concentration (Ci) in all the cultivars were measured under control and salt stress conditions. The data obtained showed a significant reduction (p ≤ 0.05) in all of the parameters and in each of the 10 cultivars in response to salinity treatment (Figure 2). However, the reduction in A was less in Manoma and Umsila (39% and 40%, respectively) than in the other cultivars compared to the control, while it was most significantly reduced (p ≤ 0.05) in Zabad (62%) (Figure 2A). All 10 cultivars had significantly reduced Ci compared to the control (p ≤ 0.05) (Figure 2B). The gs also declined significantly in all the cultivars (p ≤ 0.05), but the decrease was less in Umsila (70%) and Manoma (72%), and the highest was in Nashukharma (92%) compared to the control. The highest E was recorded in Umsila (12% reduction) and Manoma (13% reduction), while Zabad showed the lowest (97% reduction) (Figure 2C,D). The WUE of Fard, Umsila, and Manoma under stress was not significantly different from the control (p ≤ 0.05), but markedly increased in HilaliOmani and Zabad (95.9% and 89.2%, respectively) (Figure 2E). For the quantum yield of PSII activity, although there were no significant differences among the cultivars (p ≤ 0.05), lower reductions were observed in Manoma (23% reduction), Fard (24% reduction), and Umsila (24.4% reduction) compared to the control, whereas a marked reduction was observed in Zabad (57% reduction) (Figure 2F).


Figure 2. Effect of salinity on (A) Photosynthesis rate (A); (B) Intercellular CO2 concentration (Ci); (C) Stomatal conductance (gs); (D) Transpiration rate (E); (E) Water use efficiency (WUE); and (F) Quantum yield (Qy) in date palm cultivars when exposed to 0 mM and 240 mM NaCl. Bars represent mean ± SE (n = 3). Significant (p ≤ 0.05) differences are marked with an asterisk.
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3.3. Effect of Salt Stress on Leaf Area


Since leaf area is directly correlated with the photosynthetic rate [32], the leaf area of the 10 cultivars was measured under control and salt stress conditions. Except for Fard (whose leaf area was unaltered), Manoma and Umsila had the lowest reduction in leaf area (10% and 12%, respectively) compared to the control, while the leaf area declined significantly under salt stress (p ≤ 0.05) in all of the other cultivars, with the highest decline observed in Nashukharma (39%) (Figure 3).


Figure 3. Effect of salinity on the leaf area (LA) of date palm cultivars exposed to 0 and 240 mM NaCl. Bars represent mean ± SE (n = 3). Significant (p ≤ 0.05) differences are marked with an asterisk.
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3.4. Effect of Salt Stress on Total Chlorophyll Concentration


Chlorophyll is an essential molecule for the capture and transfer of energy in the photosynthetic machinery [33]. To determine whether the difference in photosynthetic rate among the cultivars is related to differences in chlorophyll concentration under salt stress, the chlorophyll concentration of the leaves of the control and salt-treated plants was determined. The results showed a significant reduction in chlorophyll concentration for all 10 cultivars (p ≤ 0.05), with a more than 50% reduction compared to the controls (Figure 4).


Figure 4. Effect of salinity on chlorophyll concentrations of date palm cultivars exposed to 0 and 240 mM NaCl. Bars represent mean ± SE (n = 3). Significant (p ≤ 0.05) differences are marked with an asterisk.



[image: Forests 08 00136 g004]







3.5. Effect of Salt Stress on Relative Water Content (RWC)


It is known that the water status of a plant is important for maintaining cellular and metabolic functions under salt stress [34]. To assess whether reductions in the photosynthetic rate and growth were due to alterations in the water content of the plants, the RWC of the cultivars was measured under control and salt stress conditions. While most of the cultivars maintained relatively high RWCs (>60%), it was significantly reduced in Zabad (<60%) (p ≤ 0.05) under salt stress (Figure 5).


Figure 5. Effect of salinity on the relative water content (RWC %) of date palm cultivars exposed to 0 and 240 mM NaCl. Bars represent mean ± SE (n = 3). The significant (p ≤ 0.05) differences are marked with an asterisk.
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3.6. Effect of Salt Stress on Na+ and K+ Concentrations


To elucidate the patterns of Na+ and K+ accumulation in date palm tissues and to determine whether the growth of the cultivars under salt stress is related to the differential Na+ and K+ accumulation in the tissues, the Na+ and K+ concentrations in the cultivars were measured in both the root and leaf tissues. Manoma, Umsila, Nagal, and Fard (second category cultivars) showed a tendency to control Na+ accumulation in the leaves, while Zabad, in contrast, accumulated more Na+ in the leaf tissues. Under salt stress, Zabad had the highest concentration of Na+ in the leaves (25.5 mg/g), while Manoma had the lowest out of all the cultivars (9.23 mg/g), followed by Umsila (11.73 mg/g) (Figure 6A). Overall, Manoma, Umsila, Nagal, and Fard maintained the lowest concentrations of Na+ in the leaves. With regards to K+ concentration, under control conditions, Barni and Khalas had a significantly lower concentration of K+ (p ≤ 0.05) in the leaves than in the roots compared with other cultivars. Under salt stress, Nashukharma had the lowest concentration of K+ in the leaves (5.69 mg/g DW) compared to the control, followed by Zabad (5.78 mg/g DW), while Manoma had the highest concentration out of all the cultivars (11.15 mg/g DW) compared to the control (Figure 6B). The Na+/K+ ratio in the leaves was significantly reduced in Manoma, whereas it was the highest in Zabad (p ≤ 0.05) (Figure 6C).


Figure 6. Effect of salinity treatment on the amounts of Na+ (A), K+ (B), and Na+/K+ ratio (C) accumulated in the leaves of date palm cultivars grown under normal (0 mM NaCl)and salinity (240 mM NaCl) conditions. Bars represent mean ± SE (n = 3). Significant (p ≤ 0.05) differences are marked with an asterisk.
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3.7. Effect of Salt Stress on Electrolyte Leakage (EL)


The maintenance of membrane integrity under salt stress in order to avoid electrolyte leakage is an important salt tolerance strategy. To determine whether or not NaCl induced membrane damage in the cultivars, the EL (%) of all the cultivars was measured. The results showed that Umsila and Manoma had significantly lower electrolyte leakage (7.3% and 8.2%, respectively) (p ≤ 0.05) compared to the control, while Nashukharma and Zabad had higher electrolyte leakage percentages (12.7% and 12.3%, respectively) compared to the control (Figure 7).


Figure 7. Effect of salinity on electrolyte leakage (EL %) of date palm cultivars grown under 0 mM and 240 mM NaCl conditions. Significant (p ≤ 0.05) differences are marked with an asterisk.
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3.8. Interaction Effects between Cultivars and Treatments


Correlations and interaction effects between the cultivars and treatments based on different measured parameters were carried out using analysis of variance (two-way-ANOVA) and Pearson’s correlation coefficient (r). The results showed that significant (p ≤ 0.05) interaction effects between cultivars and treatments were found in all measured parameters except for the intercellular CO2 concentration (Ci) (p = 0.444) and the chlorophyll content (p = 0.555). Data are shown in Supplementary Material (Table S1). A negative significant (p = 0.0) correlation was found between sodium (Na+) and dry weight of the roots (DWR) and shoot tissues (DWS), and also between electrolyte leakage (EL) and water use efficiency (WUE). However, a positive correlation was observed between sodium concentration (Na+) and electrolyte leakage (EL), between photosynthetic rate (A) and the dry weight of shoot (DWS), the stomatal conductance (g), the leaf area (LA), and the chlorophyll a and b contents (Chla+b). Data are presented in Supplementary Material (Table S2).





4. Discussion


The present study sought to screen 10 date palm cultivars for salt stress tolerance and to determine the mechanisms underlying their tolerance or susceptibility. Similar approaches were previously used to screen salinity tolerance in cultivars of other plant species such as rice [35] and wheat [36]. However, before examining this issue, it is worth noting that date palm is a salt stress-tolerant plant that is able to withstand salinities of up to 24 dS/m [26]. In a preliminary screening under different NaCl concentrations (160, 240, and 320 mM), we observed that there were no significant differences in growth among the cultivars under conditions of moderate salinity (160 mM) due to insufficient salt stress. Likewise, no significant differences were noticed when the cultivars were subjected to higher levels salinity (320 mM NaCl), which was probably due to the severe stress decreasing their growth to similar levels Only the 240 mM stress condition produced significant differences among the cultivars, and was therefore chosen for this study.



The results under this stress condition (240 mM NaCl) revealed two distinct plant groups based on growth (Figure 1). The first group, deemed to be salt-sensitive, had a higher percentage of shoot growth reduction (>60%) when compared to the controls and include Abunarenja, Nashukharma, Barni, HilaliOmani, Zabad, and Khalas, while in the second group (salt-tolerant), the reduction in shoot growth was ≤40% and included Manoma, Umsila, Fard, and Nagal. Statistical analysis showed a significant interaction effect between cultivars and treatments on both shoot and root dry weight. Information is presented in Supplementary Material (Table S1). This finding supports the grouping method used in this study.



A high net photosynthetic rate under salt stress will normally lead to increased biomass production and hence plant growth, implying that the photosynthetic rate will be directly proportional to salt stress tolerance. However, salt stress negatively affects various components of the photosynthetic process, including stomatal closure and the inhibition of mesophyll conductance to CO2 diffusion, which limit CO2 availability for carboxylation, as well as chlorophyll content and damage to the photosynthetic machinery, with reduced or arrested electron transport for the production of reductants (NADPH) and ATP for the Calvin cycle [21]. Interestingly, a clear interaction effect between the cultivars and the treatments in terms of most photosynthesis parameters was found in this study, therefore, this notion is consistent with the previously published works [21].



Damage to the photosynthetic machinery is often ascertained by measuring the quantum yield efficiency of PSII (Qy) [37]. A reduction in this parameter is an indication of a compromised photosynthetic system. In the present study, the tolerant cultivars (Umsila, Manoma, Fard, and Nagal) had a relatively higher A than the rest of the cultivars under salt stress (Figure 2A), with concomitantly higher levels of gs and E (Figure 2C,D), clearly indicating that photosynthesis constitutes an important stress tolerance mechanism in these cultivars. This higher A is due to a higher gs and E, and limited CO2 diffusion may be the cause of A reduction in the other cultivars. In the present study, the reduction of Ci in all 10 cultivars under stress may be due to the direct effect of the reduction in stomatal conductance (stomatal limitation) [38]. The reduction in photosynthesis can be direct, such as a decrease in CO2 concentration caused by stomatal closure or mesophyll conductance [38,39].



This CO2 limitation of A has previously been reported for other date palm cultivars, including Khalas, which is used in the present study [21,23]. Similarly, these same tolerant cultivars maintained relatively higher Qy levels compared to all of the other cultivars (Figure 1F), as well as a high leaf area (Figure 3), which indicates that stomatal limitation and damage to photosynthetic machinery are major contributing factors in photosynthetic reduction and, consequently, growth reduction in the sensitive cultivars. Chlorophyll concentration, on the contrary, was not consistent with photosynthetic patterns (r = 0.336, p = 0.034), indicating that it may only play a minor role in the photosynthetic activity of these cultivars and is thus not a reliable stress tolerance trait. Based on these results and the strong correlation between A and growth (r = 0.879, p < 0.000), it can be concluded that photosynthesis is an important stress tolerance trait in date palms.



Decreased RWC can potentially retard plant growth under salt stress [40]. In the present study, the RWC declined for all the cultivars, but the decline was more pronounced in the susceptible plants (e.g., Zabad: <60%) (Figure 5). This result indicates that RWC is a contributing factor in stress sensitivity for some of the sensitive cultivars.



In addition to Cl−, Na+ ions are the most destructive element when plants are exposed to salinity [41]. Aside from inducing osmotic stress at the onset of salt stress, its accumulation, especially in photosynthetic tissues, is highly deleterious as it mainly interferes with K+ functions, including deactivating enzymes [42,43]. K+ fulfils multiple functions in plants, including turgor maintenance, stomatal regulation, and intracellular pH regulation [44]. Thus, the inhibition of K+ uptake by Na+ induces K+ deficiency, and consequently, the obstruction of K-dependent processes. It is for this reason that Na+ exclusion and the resultant maintenance of high cytosolic K+/Na+ ratios is a key salt tolerance trait [8,11]. In the present study, while the sensitive cultivars (Zabad, Nashukharma, Abunarenja, HilaliOmani, Barni, and Khalas) maintained higher Na+ concentrations in the roots under salt stress, the tolerant ones (Umsila, Nagal, Fard, and Manoma) maintained lower concentrations. All of the cultivars, with the exception of Zabad, had elevated K+ concentrations in the shoots under salt stress. However, given the higher Na+ concentrations in the shoots of the sensitive cultivars, their shoot Na+/K+ ratios were much higher than those of the tolerant ones (Figure 6C). This was especially true of Zabad, which showed a shoot Na+/K+ ratio of >4, attributable to a decreased K+ concentration in the shoots under salt stress. Most significantly, the reduction in K+ concentrations in Zabad roots increased the possibility of Na+-induced K+ leakage. K+ leakage is one of the main traits that indicates sensitivity to salt stress, and a plant’s ability to prevent it under salt stress constitutes a key tolerance mechanism [45,46]. This result shows that Na+ exclusion in the shoots, with the concomitant enhanced accumulation of K+, is very important in salt stress adaptation in date palms, especially given the strong negative relationship between Na+ and growth (r = −0.866, p < 0.000). Indeed, this trait was earlier shown to account for the tolerance of another date palm cultivar, Medjool, to salt stress [21].




5. Conclusions


The adaptation of date palms to salinity involves mechanisms for Na+ exclusion in the leaf, and the regulation of oxidative damage and photosynthesis. The screening has revealed two groups: tolerant and sensitive cultivars. Within the group of tolerant cultivars, Manoma and Umsila had more tolerance potential, with high Na+ exclusion from the leaves, low electrolyte leakage, and a high dry shoot and root weight. These traits accounted for their superior tolerance to conditions of high salinity. On the other hand, among the sensitive cultivars, Zabad showed more sensitivity with low Na+ exclusion from the leaves, a high electrolyte leakage, and a low dry shoot and root weight, and these parameters potentially contributed to its susceptibility to high salinity.








Supplementary Materials


The following are available online at www.mdpi.com/1999-4907/8/4/136/s1, Table S1. Analysis of variance (Two-Way-ANOVA) showing the interaction between cultivars (F1) and treatments (F2). DWS stands for shoot dry weight, DWR stands for root dry weight, EL% stands for electrolyte leakage, Na+S stands for sodium in the shoot, K+S stands for potassium in the shoot, Na+/K+shoot Ratio stands for shoot sodium potassium ratio, Na+R stands for sodium in the root, K+R stands for potassium in the root, Na+/K+root Ratio stands for root sodium potassium ratio, Ci stands for intercellular CO2 concentration, E stands for transpiration rate, gs stands for stomatal conductance, A stands for photosynthetic rate, WUE stands for water use efficiency, Qy stands for quantum yield, LA stands for leaf area, and RWC % stands for relative water content; Table S2. The Pearson’s correlation coefficient (r) and p-values measured for different parameters. Na+ stands for sodium ions, DWS stands for shoot dry weight, DWR stands for root dry weight, EL stands for electrolyte leakage, A stands for photosynthetic rate, gs stands for stomatal conductance, RWC % stands for relative water content, Chla+b stands for chlorophyll a and b, LA stands for leaf area, WUE stands for water use efficiency, and Ci stands for intercellular CO2 concentration.
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