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Abstract

:

Stamnagathi (Cichorium spinosum L.) is an indigenous plant species well-known for its health-promoting properties. Salinity is a long-term issue with devastating consequences on land and farmers. Nitrogen (N) constitutes a crucial element for plant growth and development (chlorophyll, primary metabolites, etc.). Thus, it is of paramount importance to investigate the impact of salinity and N supply on plants’ metabolism. Within this context, a study was conducted aiming to assess the impact of salinity and N stress on the primary metabolism of two contrasting ecotypes of stamnagathi (montane and seaside). Both ecotypes were exposed to three different salinity levels (0.3 mM—non-saline treatment, 20 mM—medium, and 40 mM—high salinity level) combined with two different total-N supply levels: a low-N at 4 mM and a high-N at 16 mM, respectively. The differences between the two ecotypes revealed the variable responses of the plant under the applied treatments. Fluctuations were observed at the level of TCA cycle intermediates (fumarate, malate, and succinate) of the montane ecotype, while the seaside ecotype was not affected. In addition, the results showed that proline (Pro) levels increased in both ecotypes grown under a low N-supply and high salt stress, while other osmoprotectant metabolites such as γ-aminobutyric acid (GABA) exhibited variable responses under the different N supply levels. Fatty acids such as α-linolenate and linoleate also displayed variable fluctuations following plant treatments. The carbohydrate content of the plants, as indicated by the levels of glucose, fructose, α,α-trehalose, and myo-inositol, was significantly affected by the applied treatments. These findings suggest that the different adaptation mechanisms among the two contrasting ecotypes could be strongly correlated with the observed changes in their primary metabolism. This study also suggests that the seaside ecotype may have developed unique adaptation mechanisms to cope with high N supply and salinity stress, making it a promising candidate for future breeding programs aimed at developing stress tolerant varieties of C. spinosum L.
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1. Introduction


Salinity, drought, heat, and cold are among the major abiotic stresses that negatively impact plant growth, biomass production, productivity, seed production, and fruit nutritional characteristics while causing metabolic changes in the most widely used (commercial) vegetables [1]. Moreover, extreme weather conditions can lead to salinity issues in soil, either due to a high percentage of surface evaporation or adequate precipitation. The productivity of agricultural lands can be further reduced by the use of poor irrigation water quality [2,3,4]. The development of salinity stress symptoms in plants depends on various factors including their genotype, growth stage, and the duration and intensity of the stress imposed [5,6]. Following plant exposure to salinity stress, photosynthesis is inhibited due to stomatal closure, which can be caused either by a decline in leaf turgor or the production of related hormones in both shoots and roots [7,8]. However, a low photosynthetic rate may also be the result of increased Na+ levels, which are responsible for the inhibition of enzymatic activity related to photosynthesis, and consequently reduce the leaf chlorophyll content [9,10]. Salinity also affects plants’ primary metabolism through changes in the levels of various metabolites involved in osmoprotection, energy production, hormone alteration, and stress responses. Indeed, nutrient imbalance leads to Na+ and Cl− antagonism with essential macronutrients for plants’ development and yield macronutrients, such as Ca2+, Mg2+, K+, NH4+, and NO3− [11,12]. Furthermore, reduced micronutrient levels seem to be related to high pH values in the soil under salt stress conditions [13]. To counteract such stress, plants have developed complex molecular, biochemical, and physiological growth and development mechanisms [14,15,16,17].



Soil salinity causes either osmotic stress, resulting from reduced water absorption, or plant toxicity due to high salt concentration [18,19,20,21,22,23,24,25]. High salt levels in the roots have a detrimental effect on cells’ growth and metabolism. Furthermore, nutrient starvation and oxidative stress can be observed due to a high concentration of salts, which requires more time to accumulate inside the plants and therefore results in a posterior ionic effect [26]. The dissection of plant behavior under major stresses helps towards understanding the metabolic changes they undergo in order to combat stress. Such an approach could lead to the introduction of new strategies towards improving tolerance, rather than relying solely on the selection of tolerant species [27]. The mechanisms that plants have developed to overcome salinity stress include signal transduction and the activation of several stress-related metabolites and genes. Another mechanism that plants employ to avoid the negative impact of increasing salt concentration is the blockage of Na+ from the shoots [23,28]. Moreover, tissue tolerance obtained via K+ retention in the cytosol and the intracellular compartmentalization of Na+ in the vacuole can be considered a mechanism of tolerance to this stress. Such mechanisms are critical to increase cell osmotic pressure and decrease Na+ toxicity, which is associated with the tendency of Na+ to be replaced by K+ in key enzymes of the cytosol and organelles [29,30].



Plants exhibit variable responses to stresses. However, even if the physiological mechanisms are species- and developmental-stage dependent, the main cellular processes are common in most plant species [3]. In addition, different stimuli can cause osmotic and oxidative stresses and denaturation of proteins, changes that may lead to plants accumulating compounds known as “compatible solutes” and the activation of stress-induced proteins, as well as the triggering of the reactive oxygen species (ROS) scavenging systems [16,17]. These compatible solutes are compounds of high soluble capacity and low molecular weight, exhibiting no toxic effects when accumulated in plants. Furthermore, a large number of these compatible solutes protect plants from cell dehydration, thus being referred to as osmoprotectants. Among these are polyols, Pro, trehalose, sucrose, and quaternary ammonium compounds (QACs), i.e., alanine betaine, glycine betaine, proline betaine, hydroxyproline betaine, choline O-sulfate, and pipecolate betaine [31]. Proline (Pro) is a metabolite that protects plants from the detrimental consequences of their exposure to high levels of salinity. It not only constitutes a compatible osmolyte but also serves as an enzyme protectant, a cell redox balancer, a free radical scavenger, a cytosolic pH buffer, and a stabilizer of subcellular structures [32,33], contributing to plant’s salinity tolerance. Previous studies have indicated that high Pro concentrations in the shoot parts of plants grown under high salinity were due to either the expression of genes encoding enzymes of Pro synthesis or decreases in the activity of proline oxidation enzymes [34]. Pro also plays a major role in the protection of the photosynthetic activity of Opuntia streptacantha plants under salinity stress [35] and has a crucial and protective role against NaCl-induced cell death via decreases in the level of lipid peroxidation and ROS [36], as well as the improvement of membrane integrity via the increased expression of antioxidant genes.



It is well documented that salinity stress causes metabolic and nutrient imbalances, which together result in a complex physiological syndrome [37]. Several plant metabolomics studies have already indicated that various metabolites are strongly correlated to salinity stress, including amino acids (AAs), sugars, polyols, and Krebs cycle intermediates, which act as biochemical targets under stress conditions [6,38]. Recent studies clearly indicated that sugars, such as sucrose (Suc), glucose (Glu), and fructose (Fru), along with Pro, citrate, malate, and succinate, were substantially higher in the halophyte Thellungiella halophila compared to Arabidopsis thaliana. Moreover, raffinose-pathway metabolites, such as raffinose, myo-inositol, and galactinol, exhibited a greater accumulation in T. halophila than in A. thaliana under salinity conditions. In contrast, the levels of malate, fumarate, aspartate, and phosphate decreased in the halophyte [39,40].



When plants are exposed to high levels of salinity, they often experience reduced N uptake and utilization. This is because high levels of salt in the soil can disrupt the uptake of water and nutrients, including N. N is an essential nutrient for plants, playing a crucial role in their growth and development. It is a key component of AAs, nucleic acids, chlorophyll, and many other essential molecules in plants [41]. Therefore, it is important to consider both N and salinity levels when managing plant growth and development, especially in environments with high salinity levels. Adequate N fertilization can help mitigate the negative effects of salinity on plant growth while also promoting healthy development and maximizing yields [42]. Stamnagathi (Cichorium spinosum L.) is a widespread and well-known wild chicory species in Crete and belongs to the Asteraceae family. Its flower-heads range from blue to pale violet and sometimes white, and they bloom from May to July–August. This dwarf perennial plant can undoubtedly be considered as a “super food”. This is attributed to its diuretic, purgative, antiseptic and anti-rheumatic properties, and its high content in antioxidants, Vitamins E and K1, [43], ω-3 fatty acids, and mineral elements [44]. Stamnagathi can be found in both mountainous and coastal areas in the Mediterranean basin, [45] indicating its potential tolerance to several abiotic stresses (N limitation, salinity, drought, etc.) [46,47]. Stamnagathi is a leafy green and as such is selected for high growth rates that rely on high N supply rates. In general, the suggested range of N concentrations in nutrient solutions used for hydroponic cultivation of other vegetable ranges from 10 to 16 mmol L−1 [46].



Taking into consideration the abovementioned, in this study, the impact of NaCl concentration and N level in the supplied nutrient solution on the primary metabolism of stamnagathi was investigated. For this reason, two contrasting stamnagathi ecotypes were grown hydroponically and exposed to two different total-N supply levels, a low-N level at 4 mM and a high-N level at 16 mM, in combination with three different salinity levels (0.3 mM—non-saline treatment, 20 mM—medium, and 40 mM—high salinity level). The two ecotypes of this study were grown in a completely different environment. Specifically, one of the ecotypes was collected from the mountain Lefka Ori (1200 m altitude) in the Prefecture of Chania, characterized by poor vegetation and a low organic matter content, and consequently by low soil N concentrations. Therefore, we hypothesized that this ecotype could sustain its grown even when grown under a low N supply compared to the other ecotype. On the other hand, the second ecotype was collected from the coastal area of Stavros, a site located in Akrotiri in northeastern Crete. Therefore, we hypothesized that this ecotype could tolerate high salinity levels in the nutrient solution compared to the montane ecotype.




2. Materials and Methods


2.1. Plant Material


Cichorium spinosum L. seeds, originating from two different Cretan regions (local landraces), were collected with the aim of investigating the effect of salinity and N-supply level on their metabolism. More specifically, seeds of the montane (Tavri, Lefka Ori, Chania) and the seaside (Stavros, Akrotiri Chania) ecotype were collected and transferred to the Seed Bank of the Mediterranean Institute of Chania (MAICh). Afterwards, they were incubated in Petri plates at 20 °C under a 12-h photoperiod until reaching the “cotyledon” stage. Prior to transplantation, the germinated seeds were transferred to 84-hole trays, using a mixture of peat and perlite (3:1, v/v) as a substrate, and grown in an unheated greenhouse. Perlite bags (Perloflor Hydro 1, 33 L) were employed for seedling transplanting, and plants were cultivated in an open hydroponic system in MAICh’s glasshouse with a North–South orientation, located at 35°29′40.32″ N latitude and 24°02′57.51″ E longitude.




2.2. Growth Conditions and Experimental Design


In this study, a factorial combination resulted in twelve treatments: two stamnagathi ecotypes from either the montane (M) or the coastal (C or S-seaside) site, three NaCl concentrations (0.3, 20, or 40 mM), and two levels of total-N concentrations (4 or 16 mM). A randomized complete-block design with four replicates per treatment was applied, resulting in 48 experimental units (plots) with 12 plants (3 bags × 4 plants per bag) in each plot (n = 576 plants). After transplanting, the plants were subjected to the salinity and N treatments. The nutrient solutions used in this study were prepared according to Savvas and Adamidis [48]. The concentrations of the macro-and micronutrients were applied according to our previous study [47]. The pH of the nutrient solution was adjusted to 5.6. The electrical conductivity (EC) values ranged between 2.10, 4.10, and 6.10 dS m−1 for the three different salinity levels, 0.3 mM non-salt control, 20 mM, and 40 mM NaCl, respectively, during the whole cropping period. Two days before transplanting, the perlite bags were irrigated with the nutrient solution until saturation. After 24 h, two holes were made at the bottom of the bags to collect the drainage solution. Plants were drip irrigated daily with the nutrient solution using pumps connected to an electronic timer, supplying 35 mL min−1 to each plant. Transplanting occurred on 30 January, with an irrigation program of four irrigations per day, adjusted according to the climate conditions and drainage solution. Two harvests were performed 60 and 118 days following transplantation, respectively, by cutting the main stem with sharp knives. No plant protection measures or heating was implemented throughout the cropping period.




2.3. Gas Chromatography-Electron Impact-Mass Spectrometry (GC/EI/MS) Metabolomics Analysis of Cichorium spinosum L. Leaves


The fresh stamnagathi leaves were collected from all experimental units during the second harvest for metabolomics analysis. For each treatment, ten healthy, fully expanded leaves were randomly collected from three plants and pooled, resulting in a total of four pooled samples per treatment. The leaves were collected, placed in falcon tubes (50 mL), and their metabolism was quenched by liquid N2. Samples were pulverized in a mortar, using a pestle under liquid N2, and were stored at −80 °C until further processing. A portion of the pulverized leaf tissues (25 mg) was transferred into Eppendorf tubes (2 mL) and 1 mL of methanol:ethyl acetate (50:50, v/v) (GC/MS grade, 99.9% purity, Carlo Erba Reagents, val de Reuil, France) was added for metabolite extraction. The resulting suspensions were spiked with ribitol (20 mL, 0.2 mg per mL of methanol) (99.8%, v/v, Sigma-Aldrich Ltd., Steinheim, Germany), which served as the internal standard (IS). A previously described extraction and derivatization protocol was employed [49,50], which includes sonication, agitation, filtering, and finally evaporation of the extracts. Derivatization of the dry extracts was performed following a two-step process by initially adding 80 μL of methoxylamine hydrochloride (solution in pyridine, 20 mg mL−1) (98%, w/w, Macherey and Nagel, Düren, Germany) and then 80 μL of N-Trimethylsilyl-N-methyl trifluoroacetamide (MSTFA, Macherey and Nagel, Düren, Germany).



An Agilent 6890N gas chromatography-electron impact-mass spectrometry GC/EI/MS platform (Agilent Technologies Inc., Santa Clara, CA, USA), equipped with the 5973 inert mass selective detector (MSD) and the 7683 autosampler, was used for the analyses, applying previously described settings [49,50]. Samples (1 μL) were injected onto a column (HP-5MS capillary column, 30 m, i.d. 0.25 mm, film thickness 0.25 μm, Agilent Technologies Inc., Santa Clara, CA, USA) applying a split ratio of 5:1. The obtained total ion chromatograms were deconvoluted using the software AMDIS v.2.66 (NIST; Gaithersburg, MD, USA) and the MS database of the National Institute of Standards and Technology, NIST ’08 (NIST; Gaithersburg, MD, USA). Additionally, analytical standards of selected plants’ metabolites were analyzed for the absolute annotations (Sigma-Aldrich Ltd., Steinheim, Germany).



Data pre-processing was performed using the software MS-Dial v.3.70 [49,51] and the mining for the discovery of trends and biomarkers was performed using the bioinformatics software SIMCA-P v.13.0.3 (Umetrics, Sartorius Stedim Data Analytics AB, Umeå, Sweden) following a previously described pipeline [49,50]. Orthogonal partial least squares-discriminant analysis (OPLS-DA) was employed for the discovery of trends and the biomarkers of plants’ stresses. The supervised OPLS-DA modeling of the data is easy to interpret and provides information on the variables with the highest discriminatory power. It also provides information on the variance of X that is related to the groups and the systematic information that is unrelated to the observed discriminations. The metabolite profiles of the plants from all treatments were used to develop such a model.




2.4. Experimental and Bioanalytical Protocols


The experimental and bioanalytical protocols (Figure 1) were robust, as evidenced by the high quality of the acquired chromatograms (Figure S1) and the trends observed in the obtained OPLS-DA score plots (Figure 2).



Representative data “Cichorium spinosum L. (PMG-04-23)” can be found in the repository of the Pesticide Metabolomics Group of the Agricultural University of Athens (https://www.aua.gr/pesticide-metabolomicsgroup/Resources/default.html). Furthermore, Heatmap and Venn diagrams were created using the online heatmapper and jvenn software (http://genoweb.toulouse.inra.fr:8091/app/index.html, accessed on 6 January 2023), respectively [52,53], to illustrate the overlap of the annotated metabolites in stamnagathi plants. Information was acquired from the KEGG (https://www.kegg.jp/, accessed on 6 January 2023), PubChem (https://pubchem.ncbi.nlm.nih.gov, accessed on 6 January 2023), and National Institute of Standards and Technology (NIST) (https://www.nist.gov, accessed on 6 January 2023) databases.





3. Results


3.1. Summary of the GC/EI/MS Metabolomics Analysis


Analysis of the chromatograms resulted in the discovery of 180 reproducibly detected metabolite features. Representative features that were annotated at different levels are displayed in Table S1. Annotated metabolites belong to AAs, organic acids, carboxylic acids, and fatty acids, and related information is provided. OPLS-DA plots (Figure 2) demonstrated a strong discrimination between the different treatments of the two stamnagathi ecotypes. In all cases, except for the seaside ecotype that was treated with high N levels (Figure 2C), the highest salinity stress of 40 mM had the greatest impact on the metabolism of the plants. Additionally, based on the observed trends, exposure of the plants to 20 mM of NaCl seems to have a greater impact on the seaside than the montane ecotype under high N levels.
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Figure 2. Score plots of orthogonal partial least squares-discriminant analysis (OPLS-DA) for the recorded GC/EI/MS leaf metabolomes of Cichorium spinosum L. (stamnagathi) of the montane (M) ecotype under high-N supply (HN) and non-saline treatment (0.3 mM), medium saline level (20 mM), high saline level (40 mM) (A), and low-N supply (LN) and the corresponding salinity treatments (B), and the corresponding OPLS-DA score plots of the seaside ecotype under HN (C) and LN (D) for the various salinity treatments. The ellipse represents Hotelling’s T2 with a 95% confidence interval. In total, twelve biological replications were performed per treatment, every three of which were pooled to provide a pooled sample. Four pooled samples and one quality control sample were analyzed per treatment. PC: principal component; Q2(cum): cumulative fraction of the total X’s variation that can be predicted; R2X and R2Y: fraction of the sum of squares of X’s and Y’s explained variation, respectively. 
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In addition, to provide a global overview of the alterations in the stamnagathi metabolism caused by the treatments, a cluster heat map was constructed based on the annotated metabolites (Figure 3). In total, 59 metabolites belonging to AAs, carbohydrates, carboxylic acids, and fatty acids were substantially affected by the applied treatments.



Complementary to the multivariate analysis, the constructed heatmap revealed the patterns of fluctuation of the metabolite levels among treatments. In particular, in the montane ecotype, a low N supply level combined with a higher level of salinity (40 mM) in the nutrient solution strongly differentiated the various metabolites, while in the seaside ecotype, the differentiation was higher under a high total N. It is evident that, regardless of the N source (LN or HN), the content of the identified metabolites was less affected by the low salinity levels (0.3 and 20, respectively) compared to the highest level of 40 mM. The total number of the annotated primary metabolites that were included in the analysis was 180 (Figure 4 and Figure 5). The impact of the applied treatments on stamnagathi’s primary metabolism was evaluated by analyzing the fluctuations of its metabolites, which were categorized into different chemical groups (Figures S2–S5). This approach aims to provide both a robust biological interpretation of the plants’ responses to the treatments and a global overview of the impact of the different stresses applied on the plants’ metabolic function.



Plants of the montane ecotype exhibited a substantial increase in the total number of primary metabolites (mainly participating in functions such as carbohydrate, AA, energy, and lipid metabolism) when grown under a high total N at high salinity conditions (Figure 4B), while responding differently under low N conditions (Figure 4A–C). The results clearly show that the metabolism of the montane ecotype, under a high total N supply at the highest salinity level of 40 mM, was generally disturbed and decreased (Figure 5B). On the other hand, the levels of a large number of the recorded primary metabolites of various metabolic functions increased or remained unaffected in the plants originating from the seaside area (Figure 5A,C).



The levels of most metabolites that belong to AAs, carbohydrates, and carboxylic acids, as well as to fatty acids were detected in lower levels (decreased) in the montane ecotype compared to those from the seaside area (Figures S2Β–S5B) when exposed to a high total N under high salinity conditions (40 mM). On the other hand, the lowest level of total N supply did not substantially alter the biosynthesis of carbohydrates or carboxylic and fatty acids, nor to a lesser extent the AA group, as most of the metabolites in these chemical groups were not affected (Figures S2–S5). An intriguing observation is that the coastal-marine (seaside) ecotype exhibited negligible changes across all investigated groups regardless of whether the plants were subjected to a high or low N supply under high salinity (40 mM). Conversely, the montane ecotype demonstrated distinct variations in the levels of AAs, carbohydrate, carboxylic acid, and fatty acids (Figures S2Β–S5Β).



Several metabolites involved in various biosynthetic pathways of the plant were detected. The majority of the annotated metabolites belonged to AAs, carbohydrates, and carboxylic and fatty acids (Figure 6, Figure 7, Figure 8 and Figure 9 and Figures S2–S5). De novo metabolite networking was performed to interpret the results biologically and gain insights into the fluctuations of plant metabolites in response to the various treatments. The plant treatments resulted in a general disturbance of their metabolism, as several AAs, carbohydrates, fatty acids, and carboxylic acids were detected in higher or unchanged levels in the seaside-origin plant ecotype compared to those of montane origin.




3.2. Effect of N Supply and Salinity Level on the Amino Acids (AA) of Stamnagathi


The biosynthesis of AAs was significantly disrupted by both the total N level and the salinity conditions tested. More specifically, high salinity decreased the levels of Pro—an important osmolyte for stress tolerance—in the montane ecotype, while the reverse was the case for the seaside ecotype (Figure 8). Additionally, Pro showed a slight increase under a low total-N supply and high salinity in both examined ecotypes (Figure 9). However, except for the saline treatment under a 16 mM N supply, Pro tended to exhibit a significant increase in both comparisons between the two contrasting ecotypes (Figure 6 and Figure 7). In contrast to Pro, the levels of phenylalanine (Phe), tyrosine (Tyr), leucine (Leu), tryptophan (Trp), valine (Val), isoleucine (Ile), threonine (Thr), glutamine (Gln), glycine (Gly), and alanine (Ala) were either not substantially affected by the combined stress conditions or were affected to a lesser extent (Figure 8). Interestingly, most of the detected AAs also showed a significant response under stress and non-stress conditions, as presented in the metabolite networks established (Figure 6, Figure 7 and Figure 8). The non-protein amino acid GABA increased in plants originating from a seaside habitat and grown under saline stress conditions and a high total N supply, while the reverse was the case for the montane plants (Figure 8). However, under the combined stress conditions, the levels of GABA were slightly increased in the montane ecotype, while they were not substantially affected in the seaside ecotype (Figure 9). An increase in the salt level of the supplied nutrient solution (NS) either up-regulated or down-regulated the biosynthesis of GABA in the montane ecotype compared to those from the seaside area, when plants were treated with either a low and high N supply, respectively (Figure 7).




3.3. Effect of N Supply and Salinity Level on the Carbohydrate Content


Carbohydrates such as Glu and Fru were detected in lower levels in the montane ecotype compared to the seaside area, when plants were treated with a low N and high salinity (40 mM). Moreover, Glu was higher in montane stamnagathi leaves with a high N supply, while Fru levels were higher in the seaside ecotype (Figure 7). The increase in salt levels from 0.3 mM to 40 mM at a low N supply resulted in decreased levels of both Glu and Fru in the montane ecotype (Figure 9). The levels of the monosaccharide sedoheptulose and the sugar alcohols D-mannitol and D-threitol were either not substantially affected by the stress and non-stress conditions or were affected to a lesser extent (Figure 6, Figure 7, Figure 8 and Figure 9). Additionally, α,α-trehalose was significantly lower in plants receiving a high or low N supply combined with higher salinity levels in the montane ecotype compared to plants originating from the seaside area (Figure 7). With respect to high saline levels, α,α-trehalose was higher in montane ecotype when plants were grown under a high N supply level and higher in the seaside ecotype when plants were subjected to a low N (Figure 8 and Figure 9). A similar trend was observed for the monosaccharide myo-inositol, which significantly increased in the seaside ecotype under a high N supply and saline conditions, while decreasing in the montane ecotype under the same conditions (Figure 8). Conversely, a decrease in the N supply from 16 mM to 4 mM under saline conditions resulted in significantly increased levels of the monosaccharide (Figure 9).




3.4. Effect of N Supply and Salinity Level on Carboxylic Acids, Fatty Acids, and Selected Stamnagathi Metabolites


Carboxylic acids, the intermediates of the Krebs cycle, were substantially affected by the combined N supply and saline conditions. The highest effect of both high and low total N supply under saline conditions was observed on malate, fumarate, and succinate in the montane ecotype. Moreover, increasing salt levels in the supplied NS resulted in decreased levels of both metabolites in the montane ecotype, whereas in the seaside ecotype, they were not substantially affected (Figure 8). On the other hand, 2-ketoglutarate either increased or was not affected by the examined treatments (Figure 8 and Figure 9). Additionally, a similar trend was observed for the comparison between the two contrasting ecotypes under a high N supply (Figure 7). Other carboxylic acids, such as shikimate, threonate, carbamate, and benzoate were either not affected or affected to a minor degree by the treatments applied (Figure 6, Figure 7, Figure 8 and Figure 9). Fatty acids such as a-linolenate (ALA) and linoleate (LA) were not significantly influenced by stress conditions in the seaside ecotype by the treatments applied. Conversely, in the montane ecotype, a slight increase was found under a low N supply and high salinity level, whereas the reverse was the case under a high N and saline conditions (Figure 6, Figure 7, Figure 8 and Figure 9). On the other hand, the biosynthesis of palmitate and stearate was down-regulated in the examined comparison between the montane ecotype and the seaside ecotype when the total N was either high or low in the supplied NS (Figure 7). Additionally, both ecotypes in the comparison between the different saline levels showed an increase in the concentration of these fatty acids with an increase in salt levels (Figure 9). Caffeate, from the group of phenylpropanoids, was either not influenced or influenced to a minor degree by the ecotype, N-supply level, or saline conditions. Finally, phosphate from the phosphoric acid derivatives group showed significantly higher levels in all of the examined comparisons except for the 4 mM N supply combined with 40 mM salinity (Figure 6, Figure 7, Figure 8 and Figure 9).





4. Discussion


Here, we applied GC/EI/MS metabolomics to elucidate the effect of N supply and salinity level on the metabolite composition of Cichorium spinosum L. leaves. Our multivariate analyses showed significant effects of the genetic background (Figure 2) and treatments on stamnagathi metabolite composition, with many annotated metabolites exhibiting substantial fluctuation.



Salt stress is primarily responsible for inducing osmotic phenomena or ion toxicity in plants, thereby leading to the inhibition of plant growth and development, oxidative stress, and nutrient deficiency [54]. It is also responsible for a wide range of alterations in plant’s physiological processions and metabolic regulations. Compatible solutes or osmolytes are a category of compounds that contain N in their structure, i.e., AAs, amines and betaines, organic acids, sugars, and polyols [55]. When plants are subjected to salinity stress, the overexpression of osmolytes plays a crucial role in protecting against osmotic phenomena by stabilizing lipid membranes, protecting essential enzymes and proteins from denaturation, shielding plants from the harmful effects of ROS [18,19], and preventing imbalances caused by osmotic stress [2,3,4]. Moreover, GABA has been shown to play a role in nitrogen remobilization and nitrogen use efficiency in plants and is involved in the regulation of N uptake and assimilation, while under low N conditions it accumulates in plant tissues [56,57]. The results of our study indicate that osmolytes, including Pro, GABA, soluble sugars, carboxylic acids, etc., exhibit differential responses under saline and high N supply conditions. In particular, a large number of those osmoprotectants were either up-regulated or not substantially altered in the seaside ecotype, indicating a higher tolerance to salt tress compared to the montane ecotype. This indicates that the seaside ecotype has evolved mechanisms to cope with the adverse effects of salt stress and high N levels, which may have resulted from its adaptation to the coastal environment where salt stress and nutrient imbalances occur. Previous studies have shown that Pro plays a crucial role in intercellular osmotic adjustment [58] and can act as a signaling molecule in response to stress [59]. Pro’s roles also include the stabilization of cell membranes and proteins [60] and the maintenance of plant turgor [61,62]. In this study, Pro and GABA levels increased in the seaside ecotype when subjected to salinity stress and high N, while the reverse was the case for the montane ecotype. Similar results were found for Leu, Ile, Trp, Gul, Val, and Thr. The increasing content of Pro in stamnagathi plants exposed to high salinity levels is consistent with previous findings in Hordeum vulgare [63,64]. Furthermore, it has been suggested that Pro may be involved in K+ homeostasis by protecting against the leakage of K+ in NaCl-treated cells [65]. The relationship between Pro levels and N levels in plants is not straightforward and can depend on various factors, including the plant species and the type of N source [66,67]. In some studies, high N levels have been associated with increased Pro levels, while in others, no significant relationship was observed. Overall, the increase in Pro levels under high salinity and high N may be part of the plant’s adaptive response to cope with these stress factors. The accumulation of Pro has also been reported in the study of Behr et al. [68] under a double stress of salinity and hypoxia, suggesting that Pro may act either as a ROS scavenger or play a role in pH adjustment and the redox state of the stressed cell. According to Zhang et al. [69] differences were found in the AAs among wild and cultivated soybean genotypes grown under control and salinity stress. More specifically, the amino acids Ser, Ile, Ala, Gly, Phe, Val, Thr, and Tyr were higher in the leaves of the cultivated genotype compared to the wild type. A recent study of Hildebrandt et al. [70] reported that the oxidation of AAs such as Val, Leu, and Ile can directly enhance electrons into the mitochondrial electron transport chain, clearly indicating their role in mitochondrial metabolism and ATP production. In our study, under salt-stress conditions and a high total-N supply, these AAs were decreased in the montane ecotype and increased in the seaside ecotype. Besides their role in energy production, AAs also act as signaling molecules or precursors for the synthesis of other secondary metabolites and phytohormones during stress conditions. Tyr and Phe, which are derived from the shikimate pathway, act as precursors for alkaloids and other secondary metabolites or as ROS scavengers [71,72]. In S. persica plants, the increasing trend of these AAs under salinity may be correlated with an increase in shikimate pathway activity, thereby leading to the biosynthesis of Phe [73].



Salinity stress causes crucial disorders in plants, including lower photosynthetic rates, inhibition of nitrogen assimilation, and disrupted cell division, leading to problematic growth and development [74]. An exogenous application of salt can also restrict leaf growth, disrupt ionic homeostasis and reduce stomatal conductance [75], promote dry weight and proline accumulation, prevent cell dehydration, and activate crucial antioxidant enzymes [76]. In order to ameliorate impact of stress conditions, sugars can act as osmolytes [77]. Essential sugars such as Suc, Fru, and Glu—when overexpressed in plants under saline conditions—provide protection against osmotic phenomena, are involved in carbon storage and osmotic homeostasis regulation, and serve as ROS scavengers [78]. In the present study, Glu decreased only in the montane ecotype grown under the combined stress (low N supply and high salinity), clearly indicating its susceptibility to stress. Silva-Ortega et al. [35] referred to the theory that when plants are exposed to stress conditions, including salinity, crucial compatible solutions such as sugars could be enhanced. Similar trends were observed at a high N level in the supplied NS, where Glu also declined only for the montane ecotype. Moreover, α-α-trehalose and Fru were higher in the seaside ecotype compared to the montane ecotype. According to Hu et al. [76], a lower application of Glu in wheat seedlings boosts seed germination under stress conditions, while higher concentrations inhibit it [79]. In salt-sensitive plants such as rice, Glu and Fru serve as osmoprotectant compounds and scavengers of ROS [80]. Their role is associated with ROS anabolism and catabolism, such as the ROS scavenger-involved pathway of oxidative pentose phosphate [81]. Finally, in wheat seedlings, an exogenous application of Glu under salt-stress conditions results in a decline in Na+ concentrations, a higher accumulation of K+, and the maintenance of ionic homeostasis at a normal level [82]. However, it should be noted that in some cases, the response of specific carbohydrates to salinity stress may be species-dependent [83]—as in the study of Hafiz Che-Othman et al. [84], in which salinity stress in wheat leaves increased all sugars except for Glu.



There is a strong hypothesis that suggests that plants can maintain cellular osmolarity, energy metabolism, and ROS scavenging by accumulating sugars and sugar alcohols [72,85]. However, under saline stress conditions, an accumulation of sugars is also utilized by plants as an immediate energy source to achieve restoration in their growth by stabilizing macromolecules [86]. These compounds are also involved in the sugar-sensing system, a system which regulates the expressions of crucial genes responsible for photosynthesis and respiration, providing plants with a better response against abiotic stresses [87]. The critical role of myo-inositol (sugar alcohol) has already been referred to in previous studies. It is a primary metabolite that can provide salt tolerance by protecting the cells against harmful ROS, regulating osmotic balance, and there is evidence that it has a role in the storage and transport of auxins [88]. In the present study, under a high total-N supply and saline treatment, myo-inositol enhanced its levels only in the case of seaside ecotype (up-regulation), while the reverse was the case for the montane (down-regulation). This indicates that the seaside ecotype is better adapted to cope with a high total-N supply and salinity stress compared to the montane ecotype. Moreover, the accumulation of myo-inositol in the seaside ecotype suggests its importance in protecting cells against ROS and regulating osmotic balance under stress conditions. These findings are consistent with previous studies that have shown the beneficial effects of myo-inositol on plant growth and stress tolerance. For instance, in quinoa, exogenous application of myo-inositol has been found to enhance salt tolerance by regulating the expression of stress-responsive genes and increasing the activities of antioxidant enzymes [89]. Similarly, and in agreement with the present study, Gong et al. [39] showed greater levels of myo-inositol in the halophyte Thellungiella halophila under saline conditions, as well as in the halophyte Chenopodium quinoa. On the other hand, at a low N supply, myo-inositol was observed to increase in both of the examined ecotypes. This suggests that myo-inositol accumulation in response to salinity stress may depend on the interaction between nutrient availability and salt stress. In the case of a high total-N supply, the seaside ecotype may have been able to increase its myo-inositol levels as a strategy to cope with salt stress, while the montane ecotype may have down-regulated its myo-inositol levels due to limitations on energy and resource allocation. At a low N supply, both ecotypes may have increased myo-inositol levels as a response to the combined stress of nutrient deficiency and salinity. Furthermore, the increase in myo-inositol content under a low N supply in both ecotypes may suggest that myo-inositol plays a role in nitrogen use efficiency and N stress responses in plants. These findings highlight the complex and dynamic nature of plant responses to abiotic stress, which can be influenced by multiple environmental factors.



Halophytes are plants that can thrive under high EC (exceeding 150 mM) due to their adaptive mechanisms of salt stress tolerance. These mechanisms are characterized by a reduced waste of energy during salt-stress and the protection of physiological processes such as photosynthesis. Other mechanisms are associated with the activation of stress-related enzymes which provide protection against harmful ROS (H2O2, O2, and OH−) through increased antioxidant activity. In this study, the levels of the carboxylic acids (fumarate, succinate, and a-ketoglutarate) in the seaside ecotype were not substantially affected by stress conditions when plants were exposed to high saline conditions (40 mM). In contrast, in the montane ecotype, carboxylic acids either increased or mainly decreased, indicating that the seaside plants are capable of conserving energy and probably protecting their physiological processes, giving them a tolerant-response under stress conditions. According to Borrelli et al. [6], metabolites from the TCA cycle in different examined wheat varieties showed significant differences depending on the genotype. Increased salinity levels resulted in decreased carboxylic acid content regardless of the genotype when plants were exposed to 50 mM NaCl. On the other hand, at higher concentrations of NaCl, the only genotype that managed to maintain the TCA cycle unaffected was “Cappelli”. For that reason, these metabolites (intermediates of the Krebs cycle) can be exported and used as carbon skeletons for the synthesis of salt-induced substances. Due to this process, plants do not possess enough energy in the form of ATP and reduction equivalents such as NADH and FADH2, especially in the case of the highest salinity level. This unavailable energy can easily lead to critical impacts on plant growth and development in the examined genotypes which are sensitive. In this study, a decrease in the metabolite content from the TCA cycle was observed for the montane ecotype at the highest salt treatment, with the exception of a-ketoglutarate. On the other hand, the seaside ecotype showed a better maintenance of the TCA cycle, indicating a higher tolerance of this ecotype to salinity. A decrease in the metabolites of the TCA cycle (malate, succinate, 2-ketoglutarate) with an increase in salt levels [90] is well documented. As has already been mentioned, the reduction in the intermediates of the TCA cycle provides less available energy in the form of NADH, FADH2, and ATP, which negatively affects plant growth. Indeed, salt-resistant maize hybrids are more capable of growing with less energy compared to salt-sensitive hybrids [90]. In our case, the response of the seaside ecotype seems to be similar to that of a salt-tolerant plant due to its ability to maintain energy. According to Wu et al. [64], who also examined the impact of salinity stress on different barley varieties (wild and cultivated), metabolites from the TCA cycle (citrate, 2-ketoglutarate, fumarate, malate, and succinate) were reduced under salinity conditions. According to Kiani-Pouya et al. [72], the reduction in organic acids, especially intermediates of the TCA cycle, under salinity treatments leads to a decrease in TCA cycle activity. This reduction causes an increase in the demand for carbon structures to produce other compounds required to adjust the osmotic phenomena that derive from salt stress. Similar to our results, high saline conditions can lead to lower concentrations of the detected carboxylic acids in other plants, i.e., Thellungiella halophila, Suaeda salsa, and Chenopodium quinoa [39,72,91].



The cell membrane in plants plays a critical role in regulating the transport of ions and larger molecules. Since plants are exposed to abiotic stresses such as salinity, they have developed (and/or adopted) protective mechanisms such as the production of antioxidant enzymes, i.e., superoxide dismutase and ascorbate peroxidase to protect themselves from impending oxidative stress and defend against ROS. The plasma membrane is the first part of the cell that salt reaches, and the role of the membrane lipids and transport proteins in maintaining the permeability of this membrane is critical in responding to salinity stress. This correspondence constitutes one of the primary responses against this stress [92]. In many cases, the impact of salt stress conditions on plasma membrane lipids, i.e., sterols and fatty acids might be the reason behind alterations in membrane fluidity and permeability, and therefore a possible mechanism against stress [93,94]. According to Liu et al. [95], the composition of lipids and unsaturated fatty acids can affect membrane fluidity and structure. Furthermore, plant’s tolerance to salinity stress has been observed to be associated with increased levels of unsaturated fatty acids. In addition, an increase in the levels of unsaturated fatty acids in membrane lipids has been shown to reduce the inhibition on PSII that is enhanced by salt stress treatments in the halophyte Thellungiella halophile [39]. Similar results have been obtained for tobacco plants, where an increase in 18:3 fatty acids levels has been associated with a greater tolerance to stress [96]. A typical example of the importance of fatty acid metabolism in plant stress responses is the process of β-oxidation. This process, which is the primary means of fatty acid decomposition, occurs in mitochondria and provides the plant with a significant amount of energy that is available for various metabolic activities. In addition to providing energy, β-oxidation plays a crucial role in plant survival under abiotic stress conditions by breaking down fatty acids molecules to generate acetyl-CoA, which can enter the TCA cycle to produce energy. This amount of energy is capable of fueling various metabolic activities [97,98]. In our study, stearate, palmitate, and monopalmitin were down-regulated in the montane ecotype compared to the seaside ecotype, clearly indicating the susceptibility of the former to salinity stress. The findings of Zhang et al. [69] suggest that the reduction in stearate and palmitate under salt stress in soybean seedlings may indicate that β-oxidation is not the main metabolic pathway. Similarly, in S. persica plants, the level of stearate decreased while palmitate increased in response to salt stress [73], indicating that S. persica reprogrammed the fatty acid composition to confer salinity stress tolerance.




5. Conclusions


Here, we observed substantial differences in the biosynthesis of crucial osmolytes such as sugars, Pro, and organic acids of the TCA cycle between two contrasting stamnagathi ecotypes. These differences suggest that the seaside area ecotype may had developed different mechanisms of tolerance under salt stress compared to the corresponding montane ecotype plants. More specifically, under high saline stress and high N supply conditions, GABA, Pro, malate, succinate, fumarate, etc., exhibited differential fluctuation, indicating that the seaside ecotype has developed adaptation mechanisms regulated by primary metabolites. These findings highlight the potential for utilizing this ecotype as a “control plant” in integrated breeding programs. The metabolic approach which utilizes GC/EI/MS can (i) illustrate the response of non-cultivated plants under high saline or combined treatments, (ii) enable the identification of possible stress tolerance mechanisms and the role of the detected metabolites, not only in the leaves but also in the root system, for further investigation, and (iii) constitute a crucial step in investigating gene-related, hormone-related, and enzyme-related compounds associated with salt stress originating from local or wild landraces.
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Figure 1. Pipeline for the dissection of the effect of two different N supply levels; low at 4 mmol L−1 and high at 16 mmol L−1, combined with three salinity levels (0.3, 20, and 40 mM) on the metabolism of Cichorium spinosum L. plants, employing GC/EI/MS metabolomics. An open-loop hydroponic experiment was performed using perlite as a substrate. Twelve biological replications for each stamnagathi ecotype were performed per treatment and the analyses were conducted at the second harvest. 
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Figure 3. Visualization of fluctuations in the recorded GC/EI/MS leaf metabolomes of Cichorium spinosum L. following treatments using a heat map. In this figure, the two contrasting ecotypes (M denotes montane and S the seaside ecotype), the two different total-N levels in the supplied nutrient solution (NS) (4 mM as low N (LN) and 16 mM as high N (HN)), and three salinity (NaCl) levels, (0.3 as non-saline, 20 mM as medium saline, and 40 mM as high saline) are shown. Blue and red blocks indicate the metabolites which detected in lower and higher levels, respectively. Each heatmap block shows the average value of four replicates. 
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Figure 4. Four-way Venn diagrams of non-saline (control at 0.3 mM NaCl) and saline (the highest level at 40 mM NaCl) treatments indicating the total number of annotated primary metabolites in stamnagathi (Cichorium spinosum L.) plants which were (A) up-regulated, (B) down-regulated, and (C) non-regulated in the comparison between the two contrasting ecotypes (S vs. M) growing under two different N-supply levels, 4 mM denoted as low N (LN) and at 16 mM denoted as high N (HN), using GC/EI/MS. 
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Figure 5. Four-way Venn diagrams of each stamnagathi (Cichorium spinosum L.) ecotype separately (the montane ecotype grown spontaneously in a mountainous area of Crete or the seaside ecotype originating from a coastal area of the same island) subjected to two different N supply levels, (4 mM, denoted as low N (LN) and 16 mM denoted as high N (HN)), indicating the total number of the annotated primary metabolites in stamnagathi (Cichorium spinosum L.) plants which were (A) up-regulated, (B) down-regulated, and (C) non-regulated in the comparison between the non-saline and the highest salinity treatments (0.3 vs. 40), using GC/EI/MS. 
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Figure 6. Differences between the metabolite levels of the Cichorium spinosum seaside (S) and montane (M) ecotypes that were grown under a high total N and non-saline conditions of 0.3 mM (left arrow or block below metabolites). In this figure, the effect of a low-N supply level in plants grown under non-saline conditions of 0.3 mM on their metabolic response (right arrow or block below metabolites) can be seen. The undetected metabolites are presented in bold red font. Red or green colors correspond to metabolites whose relative composition increased or decreased, respectively, in the montane (M) ecotype under either a high-N or low-N supply. Gray color blocks denote metabolites whose levels were not substantially altered (gray blocks below metabolites). Solid arrows are used to show the subsequent steps of a biosynthetic pathway, whereas dashed arrows show the multi-step links (TCA: tricarboxylic acid cycle; PEP: phosphoenolpyruvate; GABA: γ-aminobutyric acid; UDP-Glucose: uridine diphosphate glucose; 3PGA: 3-phosphoglycerate). 
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Figure 7. Differences between the metabolite levels of the Cichorium spinosum seaside (S) and montane (M) ecotypes that were grown under a high total N and high-saline conditions of 40 mM (left arrow or block below metabolites). In this figure, the effect of a low-N supply level in plants grown under high saline conditions of 40 mM on their metabolic response (right block below metabolites) can be seen. The undetected metabolites are presented in bold red font. Red or green colors correspond to metabolites whose relative composition increased or decreased, respectively, in the montane (M) ecotype at either a high-N or low-N supply under saline conditions. Gray color blocks denote metabolites whose levels were not substantially altered (gray blocks below metabolites). Solid arrows are used to show the subsequent steps of a biosynthetic pathway, whereas dashed arrows show the multi-step links (TCA: tricarboxylic acid cycle; PEP: phosphoenolpyruvate; GABA: γ-aminobutyric acid; UDP-Glucose: uridine diphosphate glucose; 3PGA: 3-phosphoglycerate). 
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Figure 8. Differences between the metabolite levels of the Cichorium spinosum montane (M) ecotype (left arrow or block below) and seaside (S) ecotype (right arrow or right block) that were grown under a high total N supply and non-saline or high saline conditions of 0.3 and 40 mM (0.3 vs. 40), respectively. In the figure, the effect of a high total N supply combined with non-saline and high saline conditions of 0.3 and 40 mM (0.3 vs. 40), respectively, on the metabolic response of the seaside ecotype (right arrow or block below metabolites) can be seen. The undetected metabolites are presented in bold red font. Red or green colors correspond to metabolites whose relative composition was increased or decreased, respectively, in the highest saline treatment in either the montane or seaside plants. Gray color blocks denote metabolites whose levels were not substantially altered (gray blocks below metabolites). Solid arrows are used to show the subsequent steps of a biosynthetic pathway, whereas dashed arrows are used to show the multi-step links (TCA: tricarboxylic acid cycle; PEP: phosphoenolpyruvate; GABA: γ-aminobutyric acid; UDP-Glucose: uridine diphosphate glucose; 3PGA: 3-phosphoglycerate). 
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Figure 9. Differences between the metabolite levels of the Cichorium spinosum montane (M) ecotype (left arrow or left block below) and seaside (S) ecotype (right arrow or right block) that were grown under a low total N supply and non-saline or high saline conditions of 0.3 and 40 mM (0.3 vs. 40), respectively. In this figure, the effect of the low total N supply combined with non-saline and high saline conditions of 0.3 and 40 mM (0.3 vs. 40), respectively, on the metabolic response of the seaside ecotype (right arrow or block below metabolites) can be seen. The undetected metabolites are presented in bold red font. Red or green colors correspond to metabolites whose relative composition was increased or decreased, respectively, in the highest saline treatment in either the montane or seaside plants. Gray color blocks denote metabolites whose levels were not substantially altered (gray blocks below metabolites). Solid arrows are used to show the subsequent steps of a biosynthetic pathway, whereas dashed arrows are used to show the multi-step links (TCA: tricarboxylic acid cycle; PEP: phosphoenolpyruvate; GABA: γ-aminobutyric acid; UDP-Glucose: uridine diphosphate glucose; 3PGA: 3-phosphoglycerate). 
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