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Abstract

:

Salinity is a major limiting factor in crop productivity worldwide. Medicago sativa L. is an important fodder crop, broadly cultivated in different environments, and it is moderately tolerant of salinity. Medicago arborea L. is considered a stress-tolerant species and could be an important genetic resource for the improvement of M. sativa’s salt tolerance. The aim of the study was to evaluate the seedling response of M. sativa, M. arborea, and their hybrid (Alborea) to salt shock and salt stress treatments. Salt treatments were applied as follows: salt stress treatment at low dose (50 mM NaCl), gradual acclimatization at 50–100 and 50–100–150 mM NaCl, and two salt shock treatments at 100 and 150 mM NaCl. Growth rates were evaluated in addition to transcriptional profiles of representative genes that control salt uptake and transport (NHX1 and RCI2A), have an osmotic function (P5CS1), and participate in signaling pathways and control cell growth and leaf function (SIMKK, ZFN, and AP2/EREB). Results showed that the studied population of M. sativa and M. arborea performed equally well under salt stress, whereas that of M. sativa performed better under salt shock. The productivity of the studied population of Alborea exceeded that of its parents under normal conditions. Nevertheless, Alborea was extremely sensitive to all initial salt treatments except the low dose (50 mM NaCl). In addition, significantly higher expression levels of all the studied genes were observed in the population of M. arborea under both salt shock and salt stress. On the other hand, in the population of M. sativa, NHX1, P5CS1, and AP2/EREB were highly upregulated under salt shock but to a lesser extent under salt stress. Thus, the populations of M. sativa and M. arborea appear to regulate different components of salt tolerance mechanisms. Knowledge of the different parental mechanisms of salt tolerance could be important when incorporating both mechanisms in Alborea populations.
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1. Introduction


Soil salinity is a major limiting factor in crop productivity in irrigated and non-irrigated areas worldwide [1]. It can be caused by natural processes defined as “primary salinity” and/or by human activities (“secondary salinity”) that are mainly due to improper irrigation [2]. The phenomenon of salinization is growing fast in arid and semi-arid areas [3] as a result of the relatively high temperatures and inadequate rainfall that contribute to the accumulation of salts [4]. In this respect, climate change, which is likely to increase temperatures and to affect precipitation will probably increase salinization. From the management point of view, the utilization of salty soils could be enhanced by cultivating crops adapted to salinity.



The exposure of plants to high concentrations of sodium (Na+) and chloride ions in soil [5] causes salt stress. In experiments, it occurs in one of two forms: (a) when plants are subjected to gradual application of NaCl until a final, prearranged salt concentration is reached, and (b) when plants are exposed to low levels of salinity [6,7]. Salt stress has two main components: a hyperosmotic stress caused by the reduction of water potential, and a hyper-ionic stress resulting from the accumulation of ions to a toxic level for plant growth [8]. Osmotic stress happens instantly when roots come into contact with solutions containing high concentrations of salts, and ionic stress follows the osmotic response.



On the other hand, salt shock is an extreme form of salt stress, where plants are abruptly subjected to high concentrations of NaCl. The main component of the salt shock is the hyperosmotic stress [9,10] due to large differences in osmotic pressure between solutes outside the cell cytoplasm, and solutes inside the cell cytoplasm. Cell plasmolysis and leakage of osmolytes occur under osmotic stress, phenomena that do not appear under ionic stress, indicating that gene expression is different in response to salt stress and salt shock [10].



According to Reference [11], genes that contribute to salt tolerance in plants can be categorized into three functional groups: (1) those that regulate the salt uptake and transport, (2) those with osmotic function, and (3) those that regulate plant growth under saline soil. The latter genes are related to transcription factors and signal transduction proteins. In this regard, the most responsive genes in salt stress experiments were related to transcription and signaling pathways and/or to ion transport, and are expected to be responsive to ionic changes [12,13,14]. On the other hand, the expression of genes with osmotic function alters rapidly under salt shock, while ionic-responsive genes change to a lesser extent.



The majority of molecular and biochemical research is focused on experiments that are typically performed using high ΝaCl doses [10,11] although salt shock rarely occurs in nature. This is due to the fact that NaCl concentration rises gradually, either via increasing water levels or by the slow drying of the soil profile due to evaporation and plant uptake. However, imposition of salt stress through gradual application of NaCl rather than a single application of a high concentration of NaCl (salt shock) is preferred for studies regarding salinity tolerance, because this resembles the occurrence of salinity in nature. A comparison of gene expression in parallel experiments using gradual and sudden salt application is the most recommended method to distinguish between plant responses that are specific to salt shock and salt stress [10].



Alfalfa or Medicago sativa L. (M. sativa) is one of the most important forage legumes for improving soil composition and providing plentiful forage for animals. Even though alfalfa is a moderately salt-tolerant species and less sensitive than other legumes [15], its production and growth rate decreases when soil salt content is between 50 and 200 mM NaCl [16,17]. It is notable that salinity slightly increases the nutritive value of alfalfa [18]. The need to produce legumes with increased salt tolerance and high yield is extensively emphasized given that legumes are second in importance to agriculture and provide 33% of human nitrogen needs [19].



Several studies investigated mainly the physiological and, to a lesser extent, the molecular mechanisms associated with tolerance of M. sativa to salt stress/shock [20,21,22,23]. Medicago arborea L. (M. arborea), which is considered the oldest in the genus, is known to be a tolerant species to salt stresses [24,25,26]. However, there is limited research on the molecular mechanisms related to its salt tolerance. Hybrids between M. sativa and M. arborea were produced in the United States of America (USA) and Australia, and are named Alborea, a high-yielding hybrid [27,28]. There is evidence that the high-yielding hybrids in some cases are more sensitive to stresses compared to their parents [29]. The aim of the present work was to study the seedling responses of M. sativa, M. arborea, and their hybrid in terms of transcriptional responses of selected genes under both salt stress and salt shock. The genes were selected based on the aforementioned groups that were proposed by Reference [11]. In particular, RCI2A and NHX1 represent genes encoding ion transporters. Their association with both salt shock and salt stress was reported for several plant species including Medicago [30,31,32,33]. P5CS1 controls the de novo synthesis of proline. Several studies associate proline accumulation with plant adaptability to salt stress [34,35]. Finally, AP2/EREB, SIMKK, and ZFN were selected from the group of transcription factors and signal transduction proteins. Their importance in the response of plants to both salt stress and salt shock was highlighted in several reports [12,36,37]. The following questions were addressed: (1) Is there any differentiation in the response of M. sativa and M. arborea under salt stress and salt shock? (2) What is the response of the hybrid compared to the parental species? (3) Is there any differentiation in the expression of the selected genes under salt stress and salt shock? The results of the present work can be utilized in future Alborea breeding programs.




2. Materials and Methods


2.1. Plant Material


The M. arborea parents used to develop Alborea were originally collected from Greece. The M. sativa parent population used in this study was a hybrid of the two M. sativa parents. Two M. sativa parents were used in crosses of M. sativa × M. arborea to produce 27 initial Alborea hybrids [27]. The Alborea population used in this study was developed from intercrosses of 20 initial hybrids using methods described by Reference [28]. Seeds were obtained from E. Bingham, Agronomy Department, Univ. Wisconsin-Madison, USA.




2.2. Seed Pretreatment


Seeds of M. sativa, M. arborea, and Alborea were scarified with absolute sulfuric acid for 10 min and then rinsed thoroughly with sterile distilled water. Bleach solution (3%) was added for 1.5–2 min and then rinsed thoroughly. The scarified seeds were placed on petri dishes containing 0.5% agar at 4 °C overnight, and then transferred to 20 °C (dark) for 3–4 days.




2.3. Growth Conditions and Salt Stress Treatments


Seedlings with about 1-cm-long radicle were transplanted individually into pots (8.5 cm in height and 10 cm in diameter) containing a commercial growing medium (Kronos N 50–300 mg/L, P2O5 80–300 mg/L, K2O 80–300 mg/L, pH 5–6.5, salinity <1.75 g/L). The pots were placed in a growth chamber under a 16/8-h day/night regime, 23 °C, 55–65% relative humidity in a completely randomized block (block in the treatments). All pots were randomized within each treatment biweekly. The salt treatments started four days after transfer to pots. The following treatments were implemented: (1) control, no salt; (2) salt stress, with initial treatment of 50 mM NaCl and gradual step acclimatization to 50–100 and 50–100–150 mM final NaCl concentrations; and (3) salt shock, with initial treatment of 100 and 150 mM NaCl concentrations. Thus, the experiment consisted of six sample sets, each comprising control (no salts) and five salt treatments, three of salt stress (50, 50–100 and 50–100–150 mM NaCl), and two of salt shock (100, 150 mM NaCl). Each set had three independent biological replicate pools of four plants. The gradual acclimatization started four days post-transplanting, and the salt concentration was increased in three steps of 10 days from 0 to 50, 100, and 150 mM NaCl or in two steps of 15 days from 0 to 50 and from 50 to 100 mM. Plants were watered every five days when salt treatments started. Once per week, Hoagland solution [38] was added to the salt solution. The growth chamber culture lasted 34 days. Whole shoots, excluding cotyledons and the roots, were transferred in situ into liquid nitrogen in the middle of the light period. When harvested, all plants were in the vegetative stage, and roots did not show nodules. The plants of Alborea at initial salt shock of 100 and 150 mM NaCl were not harvested as they did not survive.




2.4. Growth Characteristics Measurements


The length of the stems from the base to the tip was measured in each seedling at an interval of three days through the duration of the salt treatments. Stem elongation rate (SER) was estimated as SER = (T2 − T1)/t, where T1 and T2 represent the stem length at the beginning and at the end of a time t, respectively. Additionally, the salinity sensitivity index (IS) based on the stem length was estimated according to the formula proposed by Reference [39], IS = (Hs − Ht)/Ht × 100, in which Hs and Ht represent the values of stem length of the salt-stressed and control plants, respectively.




2.5. Determination of Na+ and K+ Contents


Leaves and roots from the harvested plants were dried at 65 °C for 48 h. Dried material was ground to powder and the concentrations of Na+ and K+ were determined using flame photometry (Corning 410, Sherwood Scientific Ltd., Cambridge, UK). As there was not enough plant material, particularly for the initial treatments of 100 and 150 mM NaCl concentrations, the three replicates were bulked into one. Additionally, there was no plant material of Alborea for these two treatments. The data of Na+ and K+ determination were not subject to statistical analysis, and therefore, are considered indicative.




2.6. RNA Isolation and Complementary DNA Synthesis


Total RNA was extracted using the Trizol reagent (Sigma-Aldrich, St. Louis, MO, USA) method according to the manufacturer’s protocol. Nucleic acid concentration and quality were assessed using NanoDrop™ ultraviolet (UV) spectrophotometry and by agarose gel electrophoresis. For the complementary DNA (cDNA) synthesis experiment, first-strand cDNA was synthesized from 0.5 μg of total RNA using the Superscript II enzyme (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions.




2.7. Real-Time PCR Experiments


Quantitative PCR was performed with a Step One Plus Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) using SYBR Select Master Mix (Applied Biosystems, Foster City, CA, USA). Primer design was accomplished using the Primer blast NCBI otool (Primer Blast, https://www.ncbi.nlm.nih.gov/tools/primer-blast/), using expressed sequence tags (ESTs) of M. sativa that were deposited in National Center for Biotechnology Information (NCBI), except for the AP2/EREB-like AINTEGUMENTA gene. A phylogenetic analysis of the AP2/EREB-like AINTEGUMENTA protein from M. truncatula and various AP2/EREB members was performed using the MEGA7 software, Pennsylvania State University, State College, PA, USA) [40]. Best primer pairs were selected utilizing an oligo-analyzer tool. The gene-specific primers which were used are listed in Table 1, and the synthesized cDNA was adjusted to a final concentration of 1.5 ng/μL for qPCR experiments. Serial dilutions of cDNA were used to make a standard curve to optimize amplification efficiency for each primer set. All reactions were performed in triplicate. Melt curves of the reaction products were generated and fluorescence data were collected at a temperature above the melting temperature of non-specific products. Relative expression levels of the studied genes (NHX1, RCI2A, P5CS1, SIMKK, ZFN-containing CCCH domain, and AP2/EREB) were calculated according to the 2−ΔΔCt method [41] (for calculating ΔΔCt value, the control sample of each entry was used). Actin-2 was used as an internal control for normalization.




2.8. Statistical Analysis


The repeated-measures ANOVA with the generalized linear model (GLM) was used for detecting the effect of treatment and species on seedlings height and SER. The within-subject factors were the dates and the treatments were the between-subject factor for the species. Additionally, a three-way-ANOVA was performed in order to detect the effect of treatments, species, and organs on gene expression. Tukey’s test at the 0.05 probability level was used to detect the differences among means [42]. The ΙΒΜ SPSS Statistics 23 software (SPSS Inc., Chicago, IL, USA) was used for the statistical analysis. A heat map was generated using Excel 2016, for a visual summary of gene expression.





3. Results


3.1. Growth Parameters and Salinity Sensitivity Index


Significant differences in plant height, stem elongation rate (SER), and salinity sensitivity indexes were recorded among salt treatments, parent species and Alborea (hereafter entries), and dates of treatment (Table 2). However, significant interaction was detected between salt treatments and entries for all the growth parameters, indicating a differentiated response of the entries to the salt treatments (Table 2). Overall, the growth parameters, i.e., seedling height and SER, were significantly reduced under salt treatments, and especially, under salt shock with 100 and 150 mM NaCl initial treatment, where the lowest values were recorded (Figure 1). The studied population of Alborea had significantly higher plant height and SER compared to the others under control and 50 mM NaCl initial treatment (Figure 1). On the other hand, the population of Alborea had the lowest value for all growth parameters at the 100 and 150 mM NaCl initial treatment, and those of the studied population of M. sativa were highest for the gradual acclimatizations (Figure 1). Furthermore, the lowest salinity sensitivity index was recorded for the population of M. sativa at the gradual acclimatization followed by that of M. arborea at 50 mM initial treatment and at 50–100 mM gradual acclimatization (absolute numbers; Figure 2). The highest salinity sensitivity index (absolute number) was detected for the population of Alborea under salt sock at 100 and 150 mM NaCl initial treatments.



Significant interaction was detected between salt treatments and dates for seedling heights and between entries and dates for SER (Table 2). Seedling heights gradually increased from the first to the last date of measurements for all the treatments except for those at 100 and 150 mM NaCl initial treatments, where they remained almost unchanged (Figure 3). On the other hand, the SER of the Alborea population remained steady during the experimental period independent of salt treatment, while, for the populations of M. arborea and M. sativa, it tended to decrease from the first to the final date of treatments (Figure 3).



Regarding the Na+ and K+ concentrations in leaves, the results are only indicative, as there was not enough tissue from all the treatments, especially for Alborea. According to the results, the Na+ concentration was much lower in leaves of the M. sativa population under salt shock, compared to those of M. arborea and of Alborea (Table 3). The K+ concentration tended to decrease with the increase in NaCl concentration for the populations of M. arborea and Alborea, while it remained at the same level for that of M. sativa.




3.2. Gene Expression Levels


The main effects and the interactions between each entry/type of plant organ and different treatments on the expression levels of the studied genes are presented in Table 4. Interactions were statistically significant in most cases. On average, NHX1 and AP2/EREB transcripts were the most highly abundant in all entries (Figure 4). The transcript levels of both genes were highly responsive during salt gradual acclimatization and salt shock, followed by RCI2A and P5CS1.



In general, the expression levels of all transcripts were higher in the studied population of M. arborea followed by that of M. sativa. On the other hand, in the studied population of Alborea, the lowest induction of all genes was detected under salt treatments (Figure 5). The induction of all genes in most cases was proportional to the NaCl concentration, and the highest induction levels were detected after 150 mM NaCl or 50–100–150 mM NaCl treatment (Figure 5). The lowest increase in transcript levels for all genes was detected in plants treated with 50 mM NaCl or with 50–100 mM NaCl gradual acclimatization (Figure 5).



All gene transcripts showed the strongest induction in the population of M. arborea, and to the same extent in both leaves and roots, apart from SIMKK (Figure 4a,d). Moreover, in most cases, gene induction was proportional to the final concentration of NaCl regardless of the type of treatment (stress or shock). On the other hand, in leaves of the M. sativa population, AP2/EREB, NHX1, and P5CS1 had higher induction levels in salt shock treatments compared to salt stress ones (Figure 4b,e). Inversely, the transcript accumulation of RCI2A was dependent on the final concentration of NaCl regardless of stress or shock treatment. Additionally, the transcript abundance of all genes, except for AP2/EREB and P5CS1, was higher in leaves of the M. sativa population than in roots (Figure 4b,e). Finally, regarding the population of Alborea, a low induction of only SIMKK transcripts was detected in leaves and of AP2/EREB in roots (Figure 4c,f, respectively). A heat map was constructed in order to visualize possible differences in the relative change of each transcript level among the treatments and the entries (Figure 5). According to the heat map, the population of Alborea exhibited the lowest induction of all genes. Moreover, the most abundant gene transcripts were found for NHX1 and AP2/EREB. The difference in gene induction is evident between leaves and roots in the populations of M. arborea and M. sativa, as well as the fact that gene induction in the roots of the population of M. sativa is much lower compared to leaves.





4. Discussion


4.1. Growth of Seedlings under Salinity


In the present study, salinity tolerance was tested in populations of two Medicago species, M. sativa and M. arborea, and in their hybrid Alborea. Two salinity regimes were applied: salt stress and salt shock. Plants differed greatly in their tolerance to salinity, as indicated by seedling growth parameters and the sensitivity index. However, the effect was much more severe for salt shock at 100 mM and 150 mM NaCl compared to the gradual acclimatization, reducing the seedling growth parameters and increasing the sensitivity index, on average, by about 70% to 80%, compared to the control. The suppression of plant growth under salinity is generally attributed to the osmotic effects of the salt in the soil in combination with ionic effects of the salt concentration in plant tissues. The plants suffer from a much more intense osmotic stress or plasmolysis under sudden NaCl application than under a gradual one [9]. In this regard, the concentration of shoot Na+ was higher and the growth reduction was greater in wheat plants under salt shock compared to those under gradual application [43]. Similarly, Reference [44] reported that 150–200 mM NaCl salt shock had a lethal effect on rice plants, while a similar effect was not documented for the gradual acclimatization of NaCl to the same level [10].



In our study, seedling growth parameters decreased as the salt level increased for the studied populations of M. sativa, M. arborea, and their hybrid. The reduced growth of seedlings or more mature plants of different M. sativa cultivars under either salt shock [20,45] or salt stress [16,46,47] were broadly reported. A similar reduction in plant growth under salt stress gradually applied was reported for M. arborea [24,25,48,49].



Differences in the response of the populations of M. sativa, M. arborea, and their hybrid to salt shock and salt stress were also observed. The hybrid performed better than its parents under control and low salinity level (50 mM), while the population of M. sativa performed better under gradual salt acclimatization. On the other hand, the salt shock of 100 and 150 mM NaCl had a detrimental effect on the hybrid, causing the death of plants seven days after the salt application, whereas its parents continued their growth until the end of the experiment. Additionally, the population of M. sativa presented a consistently lower salinity sensitivity index under all salt treatments compared to that of M. arborea and the hybrid. According to the results, it seems that the studied population of M. sativa is more tolerant to salinity compared to that of M. arborea in terms of seedling growth. Other studies conducted with M. sativa varieties also featured a correlation between tolerance to salt stress and low salinity sensitivity index, which was also evaluated for stem length [20]. However, the different growth forms of the species could be a factor, in that M. sativa is a perennial herbaceous species, whereas M. arborea is woody. The response of plants to stresses at the seedling stage is highly related to their growth form [50] and, generally, perennial herbaceous species are characterized by higher relative growth rates in the seedling stage.




4.2. Gene Expression under Salt Treatments


To further explore the response mechanisms of the parent species and their hybrid to salinity, the relative expression ratios of several salt-induced genes were evaluated. The ion transporters NHX1 and RCI2A control the uptake of cations and/or the efflux of anions, and they function as membrane stabilizers. In particular, NHX1 is a vacuole transporter [51] and its role in the cell is the transport of K+ or Na+ into the vacuole exchanging H+ efflux to the cytosol, maintaining a low Na+/K+ cytosolic ratio. Proteins encoded by RCI2A act within plasma membranes and they possibly modulate ion transporters or stabilize membrane proteins that affect ion transport [52]. Both gene transcripts were highly accumulated in roots and leaves of the M. arborea population and their relative expression was influenced only by the final NaCl concentration. On the other hand, NHX1 and RCI2A upregulation was recorded mainly in leaves of the M. sativa population. Additionally, there was a profound upregulation of NHX1 relative expression under salt shock compared to gradual acclimatization of NaCl mainly in the leaves of the M. sativa population. Recent findings by Leidi et al. [31] indicate that proteins encoded by RCI2A may be involved in the salt tolerance of M. sativa and M. truncatula. Moreover, research conducted by Sandhu et al. [23] highlighted the importance of NHX1 to the salt tolerance of M. sativa.



Organic solutes are key players in increasing tolerance of plant tissues to excessive salt concentrations. P5CS1 controls the de novo synthesis of proline and its accumulation during salt stress [53]. Several studies associate proline abundance with plant adaptability to drought and salt stress [54,55]. Results of the present study indicate that relative transcript levels were highly abundant in leaves and roots of the M. arborea population in both salt shock and stress treatments. However, the P5CS1 in the studied population of M. sativa (both roots and leaves) under salt shock was upregulated almost 5.5-fold, while, under salt stress, the induction was lower (0–2-fold).



The AP2/ERF transcription factors comprise a large group of genes, which is divided into four subfamilies, namely AP2, ERF, DREB, and RAV [56,57]. Moreover, the AP2 subfamily consists of two subgroups, AP2 and AINTEGUMENTA [58]. Phylogenetic tree analysis revealed that the M. sativa AINTEGUMENTA-like transcription factor was identical to the M. truncatula homologous protein and very similar to the Cicer arietium protein, as well as to Arachis ipaensis, Vigna anqularis, and Phaseolus vulgaris homologous proteins (Supplementary Materials). Interestingly, not many studies demonstrated the contribution of AINTEGUMENTA subfamily members to abiotic tolerance. Meng et al. [59] reported that AINTEGUMENTA genes regulate salt tolerance in Arabidopsis. The findings of the present study highlight the importance of an AP2/EREB transcription factor belonging to the AINTEGUMENTA subgroup during the response of the studied populations of M. sativa and M. arborea to salt treatments. The trend of AINTEGUMENTA upregulation in most cases was the same as described for the aforementioned genes. It is noteworthy that AINTEGUMENTA gene was the only gene that was highly expressed in roots of M. sativa’s population under both salt stress and salt shock.



MAP kinases are represented by multigene families in plants that perceive and transmit various signals including specific stimuli from abiotic stresses [60]. Specifically, the studied SIMKK gene was previously found to upregulate the downstream SIMKK gene and induce salt tolerance in alfalfa [61]. Moreover, transcription factors such as zinc finger proteins (ZFPs) regulate gene expression under many abiotic stresses including salt [62]. The expression level of ZFN was highly induced after salt treatment in alfalfa tolerant varieties [36,63]. In the present study, there was a fivefold upregulation of ZFN under salt shock (150 mM NaCl) and salt stress of 50–100–150 gradual acclimatization for the studied population of M. arborea. However, in that of M. sativa, no profound differences were observed between control and salt-treated plants. In general, a similar expression pattern was detected for the SIMKK gene.



Findings in the present study indicate that differences occur between expression ratios of salt shock (initial salt treatments of 100 and 150 mM) and salt stress (initial salt treatments 50 mM and gradual 50–100 and 50–100–150 mM) depending on the type of gene, the species, and the plant part. Among the studied genes, it seems that the ion transporters NHX1 and RCI2A, the transcription factor of the AINTEGUMENTA subgroup, and the organic solute P5CS1 play critical roles in the response of studied populations of M. sativa and M. arborea to both salt shock and salt stress. In experiments conducted in Lotus japonicus [14] using gradual salt stress treatment (up to 150 mM NaCl), it was reported that the most responsive genes were clearly related to transcription and signaling pathways and were likely to be involved in ionic changes and not involved in osmoregulation [10]. Moreover, some studies demonstrated clear differences between the genes that were upregulated between salt shock and stress in parallel experiments [64,65]. In our case, the same genes are key players to both salt shock and stress. This is probably attributed to the fact that, in salt-shock-treated plants, the ionic phase occurs early [10] and, as a result, expression changes of genes related to ionic stress responses can be detected especially after long exposure to salt shock (about four weeks in our case).



The population of M. arborea constitutively expresses all studied genes even under control conditions. Moreover, it upregulates all studied genes regardless of the salt regime (salt stress or salt shock). This strategy of M. arborea appears to have a negative impact on its growth rate probably due to the large energy cost. For example, as mentioned by many authors, proline synthesis is a metabolically expensive strategy [66,67]. On the other hand, a clear difference in gene expression levels under the two salt regimes was detected in the population of M. sativa. It seems that some responses are not necessary at low salt concentrations and are activated only when a threshold is reached [14]. The key genes according to the present study were moderately or hardly upregulated under salt stress, and highly under salt shock, indicating that M. sativa “orchestrates” a fine-tuning of gene induction up to the point it combines both salinity tolerance and the lowest growth reduction.



According to Sanches et al. [14], sensitive genotypes can compensate under low salt stresses, which is also the case with Alborea. The hybrid performed better than its parents under low concentrations of NaCl. This could be due to tolerance to low concentrations. In any case, it cannot efficiently respond under moderate-to-high salt concentrations.



We can conclude that the hybrid of M. sativa and M. arborea was much more productive compared to its parents under normal conditions and low salt treatments, but extremely sensitive to salt stress. On the other hand, the studied populations of M. sativa and M. arborea were relatively tolerant to all salt treatments. Furthermore, the population of M. sativa performed better than that of M. arborea under both salt stress and salt shock at the seedling stage, probably by activating a more cost-efficient strategy.



The two parental species of Alborea appear to regulate different components of the salt tolerance mechanism. There was no selection for salt tolerance in the development of the Alborea population used in our experiments; thus, Alborea plants could be genetically deficient for both mechanisms. Fortunately, the Alborea population was developed from several initial hybrids. Hence, all the genes for both mechanisms for salt tolerance should be present in the population per se, and potentially could be pyramided in individual plants by cycles of selection for salt tolerance.



Further investigation of the mechanisms of M. sativa and M. arborea through transcriptomic and metabolomic analysis, as well as under field conditions, could contribute to a better understanding of salt stress tolerance. Specific attention should be given to further analyze the function of AINTEGUMENTA under both salt shock and stress. This could be valuable when breeding salt tolerance into the highly productive hybrid.
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Figure 1. The stem height, and the stem elongation rate (SER) of M. arborea (M. ar), M. sativa (M. sa), and Alborea (Al) under control, 50 mM, 100 mM, 150 mM, 50–100 mM, and 50–100–150 mM NaCl. The vertical bars indicate the mean ± standard error (SE) of five independent samples. The different letters refer to the significant differences at p < 0.05 (Tukey’s test). 
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Figure 2. The salinity sensitivity index of M. arborea, M. sativa, and Alborea under control, 50 mM, 100 mM, 150 mM, 50–100 mM, and 50–100–150 mM NaCl. The vertical bars indicate the mean ± SE of five independent samples. The different letters refer to the significant differences at p < 0.05 (Tukey’s test). 
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Figure 3. Stem height (H) and stem elongation rate (SER) of M. arborea (M. ar), M. sativa (M. sa), and Alborea (Al) as affected by control, 50 mM, 100 mM, 150 mM, 50–100 mM, and 50–100–150 mM NaCl during the experimental period. 






Figure 3. Stem height (H) and stem elongation rate (SER) of M. arborea (M. ar), M. sativa (M. sa), and Alborea (Al) as affected by control, 50 mM, 100 mM, 150 mM, 50–100 mM, and 50–100–150 mM NaCl during the experimental period.
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Figure 4. RCI2A, NHX1, AP2/EREB, SIMKK, ZFN, and P5CS relative expression levels for M. arborea, M. sativa, and Alborea under control, 50 mM, 100 mM, 150 mM, 50–100 mM, and 50–100–150 mM NaCl for leaves (a–c) and roots (d–f). The vertical bars indicate the mean ± SE of three independent samples. The different letters refer to the significant differences at p < 0.05 (Tukey’s test). 
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Figure 5. General expression levels of RCI2A, NHX1, AP2/EREB, SIMKK, ZFN, and P5CS under salt shock and salt stress for M. arborea, M. sativa, and Alborea. Expression levels are black and white-coded to depict the fold change as follows: black (high expression level > 20-fold) to white (low < 1 fold). 
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Table 1. The real-time PCR primers of Msactin2, MsRCI2A, MsNHX1, MsAP2/EREB, MsSIMKK, MsZFN, and MsP5CS1.
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	Sequence Name
	Genbank Number
	Primer Sequence
	Amplicon Size





	Ms-actin2-F
	JQ028730.1
	TTCTCACCACACTTCTCGCC
	173 bp



	Ms-actin2-R
	
	CCAGCCTTCACCATTCCAGT
	



	Ms-AP2/EREB-F
	Not deposited
	AATGGGTGGGGAAACGGAAC
	95 bp



	Ms-AP2/EREB-R
	
	TTTGGTGGTGGAGTGTGGTT
	



	Ms-NHX1-F
	AY513732.1
	GCCATGAAATTCACCGACCG
	118 bp



	Ms-NHX1-R
	
	CTGCCACCAAAAACAGGACG
	



	Ms-P5CS-F
	X98421.1
	TTTGCGGTCGGAAGGTGTTA
	119 bp



	Ms-P5CS-R
	
	CGATTTCCAAGGTGCAAGCC
	



	Ms-ZFN-F
	JX131368.1
	CCCAAGCTGCAAGTTTGACC
	154 bp



	Ms-ZFN-R
	
	TGAGCCCGACTCAACAAGTC
	



	Ms-SIMKK-F
	AJ293274.1
	ACCAGAAGCTCCAACGACTG
	94 bp



	Ms-SIMKK-R
	
	CCTCGAAGCAGTCCATCTCC
	



	Ms-RCI2-F
	JQ665271.1
	GTTGTCAGGGGCGTCATTCT
	169 bp



	Ms-RCI2-R
	
	TCCAAGCAGGACAAAACGGA
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Table 2. Statistical significance of F ratios from the analysis of variance for stem height of seedlings, stem elongation rate (SER), and sensitivity index.






Table 2. Statistical significance of F ratios from the analysis of variance for stem height of seedlings, stem elongation rate (SER), and sensitivity index.





	Source of Variation
	Height
	SER
	Salinity Sensitivity Index





	Salt (A)
	p < 0.05
	p < 0.05
	p < 0.05



	Species (B)
	p < 0.05
	p < 0.05
	p < 0.05



	Dates (C)
	p < 0.05
	p < 0.05
	p < 0.05



	A × B (Interaction)
	p < 0.05
	p < 0.05
	p < 0.05



	A × C (Interaction)
	p < 0.05
	ns
	ns



	B × C (Interaction)
	ns *
	p < 0.05
	ns



	A × B × C (Interaction)
	ns
	ns
	ns







* ns: not significant at 0.05 level.
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Table 3. Indicative data of sodium and potassium content (mg·g−1 dry weight (dw)) of M. arborea, M. sativa, and Alborea.
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K+

	
Na+




	

	

	
(mg·g−1 dw)

	
(mg·g−1 dw)






	
M. arborea

	
Control

	
38.5

	
1.1




	

	
50 mM

	
24.4

	
10.6




	

	
50–100 mM

	
31.8

	
20.4




	

	
50–100–150 mM

	
13.8

	
21.7




	
M. sativa

	
Control

	
22.8

	
3.5




	

	
50–100 mM

	
21.5

	
6.9




	

	
50–100–150 mM

	
25.1

	
5.1




	
Alborea

	
Control

	
51.2

	
2.3




	

	
50 mM

	
38.1

	
19.6




	

	
50–100 mM

	
13.4

	
23.4
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Table 4. Statistical significance of F ratios from the analysis of variance for gene expression.
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	Source of Variation
	RCI2A
	NHX1
	AP2/EREB
	SIMKK
	ZFN
	P5CS_1





	Salt (A)
	p < 0.05
	p < 0.05
	p < 0.05
	p ≤ 0.05
	p ≤ 0.05
	p ≤ 0.05



	Species (B)
	p < 0.05
	p < 0.05
	p < 0.05
	p ≤ 0.05
	p ≤ 0.05
	p ≤ 0.05



	Organs (C)
	p < 0.05
	p < 0.05
	p < 0.05
	p ≤ 0.05
	p ≤ 0.05
	p ≤ 0.05



	A × B (Interaction)
	p < 0.05
	p < 0.05
	p < 0.05
	p ≤ 0.05
	ns
	p ≤ 0.05



	A × C (Interaction)
	p < 0.05
	ns *
	p < 0.05
	p < 0.05
	p ≤ 0.05
	ns



	B × C (Interaction)
	p < 0.05
	p < 0.05
	p < 0.05
	ns
	ns
	p ≤ 0.05



	A × B × C (Interaction)
	p < 0.05
	p < 0.05
	p < 0.05
	p < 0.05
	p ≤ 0.05
	p ≤ 0.05







* ns: not significant at 0.05 level.
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