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Abstract

:

This review deals with the adaptive mechanisms that plants can implement to cope with the challenge of salt stress. Plants tolerant to NaCl implement a series of adaptations to acclimate to salinity, including morphological, physiological and biochemical changes. These changes include increases in the root/canopy ratio and in the chlorophyll content in addition to changes in the leaf anatomy that ultimately lead to preventing leaf ion toxicity, thus maintaining the water status in order to limit water loss and protect the photosynthesis process. Furthermore, we deal with the effect of salt stress on photosynthesis and chlorophyll fluorescence and some of the mechanisms thought to protect the photosynthetic machinery, including the xanthophyll cycle, photorespiration pathway, and water-water cycle. Finally, we also provide an updated discussion on salt-induced oxidative stress at the subcellular level and its effect on the antioxidant machinery in both salt-tolerant and salt-sensitive plants. The aim is to extend our understanding of how salinity may affect the physiological characteristics of plants.
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1. Introduction


Salinity is one of the most significant environmental challenges limiting plant productivity, particularly in arid and semi-arid climates [1,2]. Salinity in irrigation water and in soils is one of the major abiotic constraints on agriculture worldwide, and the situation has worsened over the last 20 years due to the increase in irrigation requirements in arid and semi-arid regions such as those found in the Mediterranean area [3,4,5,6,7,8]. Soil salinity affects about 800 million hectares of arable lands worldwide [9]. A soil is considered to be saline when the electric conductivity (EC) of the soil solution reaches 4 dS m−1 (equivalent to 40 mM NaCl), generating an osmotic pressure of about 0.2 MPa and significantly reducing the yields of most crops [9]. As a consequence, ion toxicity, lead to chlorosis and necrosis, mainly due to Na+ accumulation that interferes with many physiological processes in plants [10].



The harmful effect of salinity can vary depending on climatic conditions, light intensity, plant species or soil conditions [11]. Depending on the ability of plants to grow in saline environments, they are classified as either glycophytes or euhalophytes, and their response to salt stress differs in terms of toxic ion uptake, ion compartmentation and/or exclusion, osmotic regulation, CO2 assimilation, photosynthetic electron transport, chlorophyll content and fluorescence, reactive oxygen species (ROS) generation, and antioxidant defences [11,12,13,14]. Most salinity adaptive mechanisms in plants are accompanied by certain morphological and anatomical changes [15]. Glycophytes, which includes most crop plants, cannot grow in the presence of high salt levels; their growth is inhibited or even completely prevented by NaCl concentrations of 100–200 mM, resulting in plant death [16]. Such growth inhibition can even occur in the short term [17]. In contrast, halophytes can survive in the presence of high NaCl concentrations (300–500 mM) because they have developed better salt resistance mechanisms, described above, characteristic of these plants [18,19].



Euhalophythes (plants growing in saline habitats) can cope with the effects of salt stress by developing different resistance mechanisms. These plants can regulate their salt content in the following ways (for more information, please consult [15]):

	
Salt exclusion: prevents the entry of salts into the vascular system.



	
Salt elimination: Salt-secreting glands and hairs actively eliminate salts, thus keeping the salt concentration in the leaves beneath a certain threshold.



	
Salt succulence: If the storage volume of the cells increases progressively with the uptake of salt (as the cells steadily take up water), the salt concentration can be kept reasonably constant for extended periods. Salt redistribution: Na+ and Cl− can be readily translocated in the phloem so that the high concentrations arising in actively transpiring leaves can be redistributed throughout the plant.








Euhalophytes can also accumulate salt in their cell sap up to a level at which their osmotic potentials are lower than in the soil solution. In addition to salts, the accumulation of soluble carbohydrates plays an important role in maintaining a low osmotic cell sap potential. The ability of the protoplasm to tolerate high concentrations of salt also depends on the selective compartmentalisation of ions entering the cell. The majority of the salt ions are accumulated in the vacuoles (includer mechanisms).



Salt stress is first perceived by the root system and impairs plant growth both in the short term, by inducing osmotic stress caused by reduced water availability, and in the long term, by salt-induced ion toxicity due to nutrient imbalance in the cytosol [12]. Therefore, the two main threats imposed by salinity are induced by osmotic stress and ionic toxicity associated with excessive Cl− and Na+ uptake, leading to Ca2+ and K+ deficiency and to other nutrient imbalances [20]. In addition, salt stress is also manifested as oxidative stress mediated by ROS. All these responses to salinity contribute to the deleterious effects on plants [21,22,23,24,25,26].



Under saline conditions, plants have to activate different physiological and biochemical mechanisms in order to cope with the resulting stress. Such mechanisms include changes in morphology, anatomy, water relations, photosynthesis, the hormonal profile, toxic ion distribution and biochemical adaptation (such as the antioxidative metabolism response) [18,23,27,28,29].




2. Morphological Adaptations of Plants to Salinity


Irrigation with saline water has different effects on plant growth according to different effects and mechanisms in (1) glycophyte vs. halophyte plants, as well as between different species of the same family and genus, and even between cultivars; (2) different salt levels in the irrigation water and (3) the time of exposure to such stress (short-term assays vs. long-term assays).



Munns [30] concluded that the salts absorbed by plants do not control growth directly, but that they do influence turgor, photosynthesis and/or the activity of specific enzymes. Demonstrating the complexity of salt stress, this author developed a model showing a two-phase effect of salinity on plant growth. Growth is first reduced by a decrease in the soil water potential (osmotic phase) and, later, a specific effect appears as salt injury in leaves, which die because of a rapid increase in salt in the cell walls or cytoplasm when the vacuoles can no longer sequester incoming salts (ionic phase). Munns [30] found that this salt accumulation in the old leaves accelerates their death and thus decreases the supply of carbohydrates and/or growth hormones to the meristematic regions, thereby inhibiting growth. The fact that plant growth is limited by a reduction in the photosynthesis rate and by an excessive uptake of salts affects the production of specific metabolites that directly inhibit growth [31].



2.1. Roots and Aerial Part Morphology


The anatomy of the root system (length, root diameter, etc.) determines root performance, enabling plants to acquire water and nutrients and thereby increase the replacement rate of plant water lost [32]. Optimum root systems can support shoot growth and improve plant yields, since roots serve as an interface between plants and the soil [33]. A proliferated root system would therefore appear to be better for plants, for it allows them to penetrate deeper layers of soil to acquire water and nutrients [34]. Recent studies, however, have shown that species with other root features, including small roots, can be more advantageous for shoot development [35]. For example, just a few roots in moist soil can provide amounts of water independent of the root number.



Other root characteristics, such as the number and diameter of xylem vessels, width of the root cortex, number of root hairs, and the suberin deposition in both the root exodermis and endodermis, also determine the permeability of roots to water [36,37]. Furthermore, environmental factors in the soil (changes in temperature, lack of O2, mechanical impedance, salinity) can also produce marked impacts on root anatomy. The cell walls of root cells of salinized plants are often unevenly thickened and convoluted [38]. Salts often promote the suberisation of the hypodermis and endodermis in woody tree roots, resulting in the formation of a well-developed casparian strip closer to the root apex, different to that found in non-salinized roots [39]. Furthermore, the morphology of some plants shows their sensitivity to salinity. For example, in avocado trees, the root system is quite superficial and presents low ramification, thus reducing the water and nutrient absorption capacity [40], resulting in a higher sensitivity to soil salinity [41]. These morphological features limit the distribution of this crop to areas where irrigation water is of good quality. Saline water irrigation has also been found to alter the root system morphology of Callistemon citrinus plants [42]. Furthermore, similar responses were found by Álvarez et al. [43] and Álvarez and Sánchez-Blanco [44] in C. citrinus under deficit irrigation, which means that the effect of water stress on C. citrinus root system morphology is very similar to that produced by irrigation with saline water. The same behaviour was also observed in Euonymus japonica plants irrigated with an NaCl solution and reclaimed water containing different salt concentrations, which decreased the total root length of the plants, more specifically in thin (Ø ≤ 0.5 mm) and medium thickness (0.5 < Ø ≤ 2.0 mm) roots [45]. In other plant species (Picea sp., Pinus banksiana, Portulaca oleracea), Franco et al. [34] and Croser et al. [46] also found an increase in root diameter (hypertrophy) in response to salinity. The greater root density observed in these plants suggests greater robustness and, presumably, a higher accumulation of reserves [34,45,47], which would improve plant resistance to saline situations and speed up the establishment of plants, especially ornamental plants for gardening and landscaping purposes [48,49].



Salinity reduces plant growth through osmotic and toxic effects, and high sodium uptake ratio values cause sodicity, which increases soil resistance, reduces root growth, and reduces water movement through the root with a decrease in hydraulic conductivity [50]. Root hydraulic conductivity in field crops may vary in response to the salt content of the irrigation water applied [36]. In general, the root hydraulic conductivity in plants irrigated with poor quality water tends to decrease. In fact, the effect on root hydraulic conductivity is one of the main factors determining the sustainability of a reclaimed water irrigation system. Normally, root hydraulic conductance is expressed in terms of the whole root dry weight, without taking into account the role of root architecture in the water uptake capacity. Nonetheless, for any given root dry weight value, the amount of fine roots, which determine the root length and surface area, may vary greatly, thus, affecting the water absorption level [51,52].



Moreover, in assays where the grafted technique has been applied, the rootstock properties can affect the plant response to salinity. Salt-tolerant rootstocks alleviate the negative effects of abiotic stress to a greater extent than salt-sensitive rootstocks. Navarro et al. [53] described worse fruit yield and quality in Clemenules mandarin trees grafted on Carrizo (salt-sensitive rootstock) compared with Cleopatra (salt-tolerant rootstock), both irrigated with an NaCl solution (30 mM). In experiments carried out by Penella et al. [54,55], salt-tolerant rootstocks were found to increase the yield of a commercial pepper cultivar under salinity irrigations. Different nutritional and physiological responses were observed, such as ionic regulation, appropriate photosynthetic performance or maintenance of sink strength.



Another possible way to relieve or protect plants from saline stress is to inoculate the roots with arbuscular mycorrhizal fungi (AMF), which are considered to be important bio-ameliorators for saline soils. This role of AMF was studied by Navaro et al. [56] in citrus seedlings inoculated with a mixture of AMF (Rhizofagus irregularis and Funneliformis mosseae), which alleviated the negative effect of salt stress. This protective effect or synergic interaction is even better when it is established with salt-tolerant rootstocks. Other protective effects produced by other AMF (Glomus iranicum var. tenuihypharum) have also been observed on soil and Viburnum tinus irrigated with reclaimed water. Good AMF-soil-plant interactions could make it possible to reuse reclaimed water, particularly when the roots are growing in a saline soil [57].



A general decrease in fresh weight (FW) or dry weight (DW) has been observed in all plant tissues subjected to salt stress, but it is especially noticeable in the aerial part. Different authors have associated the decrease in FW or DW with a reduction in the number of leaves or in leaf abscissions (Table 1). To offer an explanation, some experiments have shown that a specific Cl− build-up in the leaves of salt-stressed plants triggers 1-aminocyclopropane-1-carboxilic acid (ACC) synthesis and its conversion to ethylene with high efficiency, releasing enough hormone to trigger leaf abscission as occurred in citrus leaves and other plants [58,59,60,61]. Salt and osmotic stress also promoted the conversion of ACC to ethylene in the halophyte Allenrolfea occidentalis [62]. Other experiments in tomato plants irrigated with high salt concentrations describe that early events during the osmotic phase of salt stress promote leaf senescence prior to the massive accumulation of toxic ions. An indirect effect related to an initial abscisic acid (ABA) accumulation and a decrease in indol-3-acetic acid (IAA) and cytokinin (CK) contents certainly favours the progression of senescence in salinized leaves. However, the ethylene precursor ACC is the major hormonal signal that is temporally correlated with the onset of the oxidative damage, decreases in chlorophyll fluorescence and massive Na+ accumulation [63,64].



Another typical response to salt stress described in different papers is a reduction in total leaf area. Indeed, decreased leaf growth is the earliest response of glycophytes exposed to salt stress [16]. The observed reduction in the canopy area may be considered as an avoidance mechanism, which minimises water loss by transpiration when the stomata are closed [65,66]. This effect can favour the retention of toxic ions in roots, limiting the accumulation of these ions in the aerial part of the plant [9,67]. Under saline conditions cell wall properties change and leaf turgor and photosynthesis rates (PN) decrease, leading to a reduction in total leaf area [68,69]. Furthermore, the stem growth (a component of the aerial part) is also normally reduced by high salt concentrations. Decreases in leaf and stem provoke a reduction in all aerial part sizes and in the plant height. All these responses have been described by many different authors (Table 1).



The increase in root to shoot ratio or decrease in shoot to root ratio is a common response to salt stress, related to factors associated with water stress (osmotic effect) rather than a salt-specific effect [70]. A greater root proportion under salt stress can favour the retention of toxic ions in this organ, controlling their translocation to the aerial parts. This response can constitute a typical mechanism of plant resistance/survival under saline conditions [71,72].



High salt concentrations in the irrigation water result in reduced plant growth [9], limiting leaf expansion [73] and changing the relationship between the aerial and root parts [74]. Under high salinity, different plant species have shown a higher dry root mass than shoot dry mass, resulting in an increased root to shoot ratio (Table 1), which is thought to improve the source/sink ratio for water and nutrients under such conditions [75]. Also, a decrease in the shoot to root ratio has also been described by other authors (Table 1).



Gómez-Bellot et al. [45] reported increases in the root to shoot ratio in E. japonica plants irrigated with an NaCl solution with an electric conductivity (EC) of 4 dS m−1. The use of saline water in C. citrinus plants also slightly decreased aerial growth, increased the root to shoot ratio and improved the root system (increase in root diameter and root density) [42]. Acosta-Motos et al. [28] observed increases in the root to shoot ratio in Myrtus communis plants irrigated for one month with an NaCl solution with an EC of 8 dS m−1. Over the same stress period, it was necessary to irrigate with an NaCl solution with a higher EC (12 dS m−1) in order to observe any increases in the root to shoot ratio in Eugenia mirtyfolia plants [29]. Moreover, Acosta-Motos et al. [6] did not observe in the root to shoot ratio in Myrtus communis plants during three months of salt stress using reclaimed waters with ECs of 2 and 5 dS·m−1. However, a significant increase in the root to shoot ratio was observed when an NaCl solution with an EC of 10 dS m−1 was employed.




2.2. Visual and Aesthetic Quality


Another interesting growth parameter linking leaf area with plant height is plant compactness. From an aesthetic and commercial point of view, high values in foliage size in relation to plant height give the plant architecture and compactness that are highly appreciated by nurseries and consumers [44,93]. Also, these changes, induced by salinity, have the potential to improve crop quality by reducing excessive vigour and promoting a more compact habit [49]. However, the level of soil salinity is important, and irrigation with high salt concentrations provokes a decrease in this ratio (leaf area/plant height) due to a reduction in both components which could negatively affect the commercial quality of plants [93,95].



Visual measurements provide a rapid and non-destructive way to diagnose leaf damage from salts. The different classification criteria that have been used for such measurements are described in the following paragraphs. For example, the number of damaged leaves in different Citrus genotype and pea plants was expressed as an injury percentage (%). When such percentage is equal o above 50%, leaves were considered affected by salinity (chlorosis and/or necrotic lesions) [80,86,97].



Visual quality of five herbaceous perennials was assessed on a scale from 1 to 5 points, where 1 indicated severely stunted growth with more than 50% of foliage either showing salt damage (leaf necrosis, browning) or dead; 2 indicated somewhat stunted growth with moderate (25% to 50%) foliar salt damage; 3 reflected average quality with slight (>25%) foliar salt damage; 4 meant good quality with acceptable growth reduction and little foliar damage (acceptable in terms of landscape performance); and 5 indicated excellent plants with vigorous growth and no foliar damage [84].



Bañón et al. [87] and Salachna and Piechocki [96], on the other hand, used a visual quality index to evaluate the aesthetic quality of plants at the end of their experiment. The index ranged from 1 (non-commercial) to 5 (very good quality), is based on the amount of leaf discolouration, leaf necrosis, defoliation and flowering.



In other experiment carried out by Valdez-Aguilar et al. [88], five ornamental species were visually rated to determine their ornamental attributes using a scale from 1 (poor quality, leaf bronzing higher than 75% or dead plants) to 5 (best quality, no leaf bronzing). Moreover, the same authors determined the visual quality rating using the piece-wise linear response function as proposed by Van Genuchten [98]. This function contains the following three independent parameters: (1) the non-saline control quality rate; (2) the salinity threshold (the maximum salinity without a quality rate reduction as compared with non-saline conditions); and (3) the slope (the fractional quality rate decline per unit increase in salinity beyond the threshold).



Sabra et al. [91] studied the salt injury index in three different Echinacea species. To measure this parameter, they assessed the visual appearance of the leaves using a five-point scale according to the severity of necrotic tissues and the number of injured plants, as previously described [99]. The scale was as follows: level 1 (no necrotic areas); level 2 (1%–25% necrotic areas); level 3 (26%–50% necrotic areas); level 4 (51%–75% necrotic areas); and level 5 (76%–100% necrotic areas or death of the plant).



Finally, Gómez-Bellot et al. [45] studied the percentage of plants affected according to visible characteristics linked to quality in E. japonica plants irrigated with water from different sources. These plants were classified into the following four groups: percentage of plants in acceptable conditions (PAC); percentage of plants with dry branches (PDB); percentage of plants in ideal conditions (PIC) and; percentage of dry plants (DP).




2.3. Growth Indexes Used with Salinity Studies


To observe the effects of salinity on plant morphology, many authors have studied different growth indexes such as relative growth rate (RGR), net assimilation rate (NAR), leaf area ratio (LAR), specific leaf area (SLA) and leaf weight ratio (LWR), according to Beadle [100], as follows:


RGR = (ln W2/W1)/(t2−t1)










NAR = [(W2−W1)/(A2−A1)] [(ln A2/A1)/(t2−t1)]










LAR = [(A2−A1)/(W2−W1)] [(ln W2/W1)/(ln A2/A1)]










SLA = [(A2−A1)/(WL2-WL1)] [(ln WL2/WL1)/(ln A2/A1)]










LWR = [(WL2−WL1)/(W2−W1)] [(ln W2/W1)/(ln WL2/WL1)],








where W is the total dry weight, t is the time, A is the total leaf area, WL is the total dry weight of leaves, and 1 and 2 are the beginning and end of a period (stress or recovery), respectively. Generally, high salt concentrations considerably reduce the RGR values (Table 1).



To give an example, Cassaniti et al. [71] studied the effect of NaCl on 12 widely cultivated ornamental shrubs in order to classify the plants. The following salt concentrations were used for irrigation over a period of 120 days: 10, 40 and 70 mM. The effect the salt had on growth depended on the species and salt concentration employed. Based on the results, the plants were distributed into the following four groups, using the decrease in RGR as criterion: (1) salt tolerant species, RGR decrease of less than 25%; (2) moderately salt tolerant species, RGR decrease between 25%–50%; (3) moderately salt sensitive species, RGR decrease between 50%–75%; and (4) salt sensitive species, RGR decrease greater than 75%.



Other papers have observed good correlation between RGR and LAR, but not with NAR, showing that leaf expansion is the growth limiting factor [101]. Other authors, however, have described a correlation between RGR and NAR, but not with LAR, indicating that photosynthesis could be the limiting factor and that a reduction in RGR may be due to a direct effect of salt stress on stomatal conductance and/or the photosynthetic apparatus [69,81,102].



Finally, high salt concentrations can produce a significant reduction in NAR and LAR values, indicating that both the photosynthetic rate and leaf expansion act as limiting factors in plant growth [76]. Decreases in leaf area linked to salinity directly affect the specific leaf area (SLA). However, salinity can increase the biomass fraction in leaves (LWR), associated with lower values in dry stem weight. Plants showing this behaviour are able to maintain their leaf characteristics and bloom well in spite of their total decrease in biomass [69].





3. Leaf Anatomy and Ultrastructure Changes in Leaves under Salinity


Studying the changes produced in leaf anatomy is an appropriate way to study abiotic stress situations, including salt stress [28,29,94,103]. A pioneer assay in this field was carried out by Longstreth and Nobel [104]. These authors studied the effect of salinity on three plants with different responses to salt stress (Phaseolus vulgaris, salt-sensitive; Gossypium hirsutum, moderately salt-tolerant; and Atriplex patula, salt-tolerant). To study changes in leaf anatomy, these authors measured different parameters, such as epidermal, mesophyll and leaf thickness; the length and diameter of palisade cells; the diameter of spongy cells; the surface area of mesophylls per unit of leaf surface area; the ratio of mesophyll cell surface area to leaf surface area; and leaf succulence. The salt-tolerant specie, Atriplex patula, irrigated with different NaCl solutions (0.05, 0.1, 0.2, 0.3 and 0.4 M), showed more leaf thickness due to an increase in epidermal and mesophyll thickness. Finally, major increases were observed in the succulence values. Opposite effects were observed in the other two species that were less tolerant to salt irrigation.



Romero-Aranda et al. [105] studied anatomical disturbances produced by chloride salts (KCl, ClCa2, NaCl) in both sensitive (Carrizo citrange) and tolerant (Cleopatra mandarin) citrus varieties. The salt-induced declines in PN were linked to changes in leaf anatomical properties, such as the increase in leaf thickness and the lower area/volume ratio of mesophyll cells. Salinity also increased the succulence of leaves and reduced the intercellular air spaces, the surface/volume ratio of cells and tissue density. These results suggest that in salinized citrus, the increase in leaf thickness, in combination with several metabolic components such as chloride overloading, low Mg2+, stomatal closure and chlorophyll loss, may contribute, among other factors, to the decline in photosynthesis. In addition, the contribution of leaf anatomical disturbance to the decline in net CO2 assimilation is also dependent on the degree of genotype tolerance. On the other hand, a recent work carried out by Franco-Navarro et al. [106] proposes that chloride (Cl−) plays a beneficial role as a nutrient in tobacco plants. These plants improve their leaf water balance with a decrease in transpiration associated with a reduction in stomatal conductance, which results in a decrease in water loss, an increase in the photosynthetic rate and improved water use efficiency. In addition, Cl− in particular produces anatomical changes in the leaves, increasing their size and succulence.



Navarro et al. [85] observed the anatomical changes associated with salt stress in Arbutus unedo leaves by optical microscopy in semi-thin sections. A comparison of control plants with saline-treated plants showed that the cell size of the first layer of palisade cells was not significantly altered. However, the cell size of the second layer of palisade cells significantly increased in parallel with the levels of salinity (0 mM, 52 mM and 105 mM NaCl). These authors also noticed an important decrease in the intercellular spaces in the spongy mesophyll in both saline treatments compared with control leaves, and this decrease affected the stomatal and mesophyll conductance to CO2.



Fernández-García et al. [94] studied the ratio of leaf mass to leaf area (LSM) in henna plants irrigated with high salt concentrations. LSM is a key trait in plant growth and an important indicator of plant strategies to salt stress. Salt-treated henna plants respond to low and high salinity by increasing LSM. The same authors also noticed that high salt levels increased leaf thickness and suggested that the increase in leaf thickness and therefore in LSM in salt-stressed henna plants may imply a greater investment in assimilatory tissue as a strategy to maximise the photosynthesis potential.



Acosta-Motos et al. [28,29] studied leaf anatomical changes in Myrtus communis and Eugenia myrtifolia plants subjected to an NaCl solution of 8 ds·m−1 for the same exposure time (30 days). In myrtle, no significant changes were observed in the palisade parenchyma, but a decrease in spongy parenchyma and an increase in intercellular space were found. In eugenia leaves, the same anatomical changes were observed. In addition, eugenia leaves displayed a remarkable increase in palisade parenchyma. These traits in eugenia plants improve CO2 diffusion, making it easier for CO2 to reach the chloroplasts, which have a greater presence in palisade parenchyma. These alterations can protect and improve the PN performance in eugenia plants, especially in a situation of reduced stomatal aperture (Figure 1). Similar results were observed by Gómez-Bellot et al. [107] in Viburnum tinus L. plants irrigated with treated wastewater. The leaf thickness of these plants increased due to an increase in the palisade parenchyma, thus maximising the photosynthesis potential in a saline situation.



Similar anatomical changes were also described by Rouphael et al. [108] in zucchini squash grown under saline conditions. In this experiment salt stress was accompanied by an increase in mesophyll thickness due to increased intercellular spaces. Such anatomical modifications in the leaves of salt stressed zucchini squash plants agree with previous findings in the ornamental shrubs Myrtus communis and Eugenia myrtifolia [28,29]. However, despite these modifications, zucchini squash plants supplied with NaCl had sharply reduced leaf PN. Ultimately, salt stress induced decreases in PN in zucchini squash as well as in eugenia and myrtle plants.



In general, these anatomical changes parallel to the observed decreases in PN are not as great as the changes observed in stomatal conductance (gs). Therefore, under salt stress situations, high PN/gs ratios (also expressed as intrinsic water use efficiency, WUEi) indicate that the leaves (more specifically, the chloroplasts), try to maintain high photosynthetic performance despite significant stomatal closure.



Damage to the chloroplast is an important aspect of the effect of salinization on leaf cells. The ultrastructure of the peroxisomes and mitochondria are also affected by salinity, albeit with less intensity. Under salinity conditions, NaCl-sensitive pea plants have been found to show leaf mitochondria with a lower number of cristae and lower electron density than the mitochondria of NaCl-tolerant pea plants [21].



The main changes that have been observed in the chloroplast of salt-irrigated plants are as follows:

	(1)

	
Changes in the number and size of chloroplasts and in the starch content.




	(2)

	
Disorganised chloroplast membranes.




	(3)

	
Changes in the number and size of plastoglobuli.




	(4)

	
Loss of the envelope and disorganisation of grana and thylakoids.









The effect of salinity on leaf ultrastructure can vary in relation to the tolerance of the plant to NaCl, as described in two rice (Oryza sativa L.) varieties [109]. The sensitive rice variety (Amber) showed differences in the integrity of the chloroplast compared with the tolerant variety (IR2153). Concretely, in response to high NaCl, most of the chloroplasts in the Amber variety showed signs of damage. In contrast, the chloroplasts in the tolerant variety IR2153 did not show any effect of salinity. This response correlated with a 30% decline in PN in Amber, whereas no significant change in PN was observed in IR2153.



The effect of NaCl on leaf chloroplast ultrastructure was studied in two different pea cultivars with different levels of sensitivity to NaCl, one salt-sensitive (cv. Challis) and the other relatively salt-tolerant (cv. Granada), up to 70 mM NaCl [22]. NaCl produced a disorganised tylakoidal structure in both pea cultivars. These authors described two different chloroplast populations that showed different densities in Percoll gradients. By electron microscopy, the authors noticed that the higher density band contained higher starch contents than the low-density band. Salinity affected the two chloroplast bands differently, and even the high-density band disappeared in the salt-treated sensitive plants [22]. In the NaCl-tolerant plants, salinity reduced the diameter of the chloroplasts from the low-density band. In both cases, an increase in the number and size of plastoglobuli was observed by the effect of NaCl, and the change was more evident in the tolerant plants [22]. Plastoglobuli are ubiquitous in chloroplasts and chromoplasts. Under different stress situations, plastoglobules increase as the thylakoids break down [110].



In the same study referred to above, Hernández et al. [22] noted that NaCl had different effects on the starch content in salt-sensitive and salt-tolerant pea plants. Whereas the percentage of starch decreased in both chloroplast populations in tolerant plants, no change occurred in sensitive plants. These data suggested that tolerant plants could use starch for different physiological processes to cope with the salt stress challenge [5].



Furthermore, as shown by Morales et al. [76], Argyranthemum coronopifolium is also sensitive to high salt concentrations. These authors found that salinity did not induce variations in the number of chloroplasts in these plants, although the size of the chloroplasts increased significantly in palisade and mesophyll cells due to an increase in starch content that was more evident in palisade parenchyma than in mesophyll tissue. The increased accumulation of starch in the leaf chloroplast in saline conditions could be explained by a lower accumulation of hexoses and sucrose and greater sucrose-phosphate synthase activity, leading the triose-phosphate pathway toward starch synthesis, and/or to damage of the enzymes involved in starch degradation via changes in the ionic composition in the chloroplast [111,112]. The different leaf photosynthetic rate values found by Morales et al. [76] would explain the differences in chloroplast size and starch accumulation found between palisade and mesophyll parenchyma.



Sánchez-Blanco et al. [82] studied the differences of the effects of simulated sea aerosol on the chloroplast ultrastructure of two rock-rose plants, White-leaf-rock-rose (Cistus albidus L.) and Montpellier rock-rose (Cistus monspeliensis L.). Transmission electron microscopy observation of Montpellier rock-rose control leaves showed well-organised chloroplasts with abundant starch grains and a structured cytoplasm. In plants treated only with surfactant, the ultrastructure of the organelles was not altered. When leaves were treated with sea aerosol only, the structure of some chloroplasts was altered, the starch grain decreased significantly and in some cases even disappeared, and in some of the chloroplasts, the thylakoid membranes appeared to be swollen. In leaves treated with sea aerosol plus surfactant, the chloroplasts showed the same alterations as plants treated with sea aerosol only. The substantial reduction in starch grains could be due to the fact that mesophyll cells from C. monspeliensis L. use soluble sugars to contribute to the osmotic adjustment induced by saline stress, which makes them more tolerant to salinity than C. albidus L. plants.



Navarro et al. [85] studied the effects of NaCl on the leaf ultrastructure of NaCl-sensitive Arbutus unedo plants. The chloroplast ultrastructure was altered and PN was reduced by salinity. Furthermore, the number of plastoglobuli was significantly higher and the thylakoids were more dilated in the saline-treated leaves than in the control leaves.



More recently, Fernández-García et al. [94] observed changes in the ultrastructure of chloroplast from henna plants (Lawsonia inermis L.) irrigated with high salt levels. The control plants showed an abundant presence of starch grains and well-developed grana. Nevertheless, the chloroplast of the palisade cells had more dilated thylakoids and bigger starch grains in salt-treated plants. Moreover, the chloroplasts of the spongy mesophyll were highly altered, showing poorly developed and dilated thylakoids [94].




4. Water Relations, Gas Exchange and Osmotic Regulation and Related Salt Tolerance Mechanisms


Plant–water relations explain the behaviour of plants in terms of how they control the hydration of their cells, which has important implications in the physiological and metabolic processes that determine the quantity and quality of plant growth [113]. Plants usually live in two different environments, the soil and the atmosphere, and these two media do not always behave in a coordinated manner. The evaporative demand of the atmosphere is practically continuous, whereas the water supply by rain or irrigation can be insufficient. Most of the water absorbed by plants from the soil is lost to the atmosphere by transpiration. In this situation, a hydraulic gradient is established in the xylem, which results in water flow from the roots to the leaves. This water movement is proportional to a driving force and in inverse proportion to resistance encountered through the soil-plant system. Transpiration creates the internal conditions under which water is absorbed by the root system and transported to the canopy [114]. As water is lost by transpiration, leaf water potential and the pressure in the xylem are reduced. Water transpiration from leaves is primarily controlled by stomata, but sustained transpiration, without sufficient replenishment, leads to progressive dehydration (loss of leaf turgidity). The degree of dehydration of plants depends on many factors: the climate and environment, the characteristics of the canopy, the growth stage of the plant, and, especially, the irrigation regime and water quality. In well-watered plants, transpiration represents the most effective means of leaf cooling [113]. Under water deficit, with the stomata closed, transpiration only occurs through the cuticle and the plant canopy. As a result, temperature tends to rise, which causes an increase in stomatal resistance to transpiration and an increase in the rate of tissue respiration. Under these conditions, photosynthetic capacity is limited and the plant uses its own photo-assimilates, resulting in decreased growth.



It is well known that the accumulation of salts in the root zone causes a decrease in osmotic potential and, consequently, a decrease in the water potential, diminishing the water available to the root zone [34,82]. Furthermore, when salts are present in the soil solution, they cause nutrient imbalances, inducing inhibition in the uptake of essential nutrients from the roots [114,115,116,117]. Other consequences of salt stress include metabolism alteration, such as hormonal changes, reduced enzyme activity and impaired photosynthesis [10,118]. In this way salinity affects plant establishment, growth and development, leading to a significant loss in productivity [45,79,89,92,119,120,121].



Nevertheless, the response to salinity varies depending on the stage of plant growth; the growing conditions, including climatic and soil factors; the agronomic and irrigation management practices; and the degree of tolerance of the species (glycophytes vs. halophytes) [42,45,77,92,120,122], which can even vary among the different cultivars of the same species [77,82].



Early responses to water and salt stress are very similar, because salts hinder the absorption of water through the root system due to the osmotic effect [123]. However, different plant responses have been observed in the long term [42]. Previous studies have concluded that salt-tolerant plants are not necessarily drought-tolerant plants and vice versa [121,124]. Specific mechanisms for salt avoidance either minimise the entry of salt into the plant or decrease the concentrations of salt in the cytoplasm of the cells. While halophytes have both types of mechanisms (salt exclusion and salt compartmentalisation in vacuoles), enabling them to grow for long periods of time, most glycophytes have a low ability to exclude salt and thus accumulate toxic ions in the leaves with the transpiration flow [10,15].



A plant exposed to salinity balances its water potential by losing water, which induces a decrease in osmotic potential and turgor. This creates chemical signals that can trigger subsequent adaptive responses [125,126]. During the adjustment process, an accumulation of organic and inorganic solutes that reduce cellular osmotic potential [10] and a reduction in the hydraulic conductivity of the membranes occurs, possibly by decreasing the number of water channels (aquaporins) [127]. Once turgor is recovered, growth can be restored [128].



4.1. Effects of Salinity on Leaf Water Relations and Gas Exchange


Across the soil-plant-atmosphere continuum, water flow is favoured by the gradient between soil water potential and leaf water potential. Whole plant hydraulic conductivity and individual conductance components are considered the main factors that control the movement of water through the soil-plant system and have been linked with plant transpiration and other physiological processes related with transpiration [129,130,131,132]. Differences in root hydraulic conductance may cause differences in water transport from soil to plant, influencing the leaf water status and therefore in the growth and other physiological responses of the plant [133].



As far as plant water status is concerned, plants under saline or deficit irrigation exhibit slight dehydration, as indicated by lower water potential, due to higher difficulty in taking up water from the substrate or less available water in the substrate [89,134]. The most negative values for leaf water potential and stem water potential have been found in plants submitted to both water stress and salinity, as both passive dehydration and salt accumulation contribute to lowering the leaf water potential [135]. According to Álvarez and Sánchez-Blanco [42,44], stem water potential measured at midday is a good indicator of stress resulting from deficit irrigation or salinity. In addition, the difference between stem water potential and leaf water potential measured simultaneously in the same plant can be an indicator of the instantaneous shoot transpiration level [44].



Recently, Pérez-Pérez et al. [136] have studied the agronomic (fruit quality, yield, vegetative growth) and physiological (plant water status, gas exchange parameters, leaf mineral nutrition) responses in lemon trees using two different irrigation strategies: regulated deficit irrigation (RDI) and regulated saline irrigation (RSI). Their conclusions determine that RDI could be the best irrigation option for long water restriction periods. On the other hand, RSI would be successful for a period of only one year.



Salinity disturbs a plant’s water relations due to a decreased availability of water from the soil solution as a result of lowered osmotic potential triggered by the toxic effects of the sodium and chloride ions [12]. Accordingly, an increase in resistance to water flow from soil to plant under salinity has been observed in many species [85,89]. For example, root hydraulic resistance has been found to increase in salt-stressed plants such as Euonymus japonica, Phlomis purpurea, and Rosmarinus officinalis, in which the lowest leaf water potential values have been recorded [45,83,89].



Salinity also causes a decrease in stomatal conductance and evaporation, and, as a result, smaller amounts of toxic ions are delivered to the root surface and into the plant. Recent research has confirmed that stomatal closure at the beginning of salinity exposure can contribute to a decline in the flow of toxic ions within the transpiration stream [137,138,139]. Decreases in stomatal conductance due to salinity have been found in several different plant species [45,90].



There is mounting evidence that stomatal regulation of vapour loss is extremely sensitive to short-term salt stress [140,141,142]. Previous comparisons of water relations in some barley cultivars with different drought resistance levels showed that lower stomatal conductance and transpiration at the beginning of salt exposure contributed to higher salt tolerance in terms of improved extension growth and less accumulation of toxic ions [139]. Other authors have reported that stomatal responses to different abiotic stress are probably regulated by root signals, as occurs in drying and re-wetting soils [143,144]. Stomatal closure in salt-stressed plants may be induced by the accumulation of abscisic acid [139,145,146]. However, Tardieu and Simonneau [147] concluded that the maintenance of water relations may be linked to an interaction between both chemical and hydraulic information.



Koyro [13] suggest that reductions in stomatal conductance represent an adaptive mechanism for coping with excessive salt, reducing the salt load of leaves and helping increase longevity by maintaining salts at subtoxic levels for longer than would occur if transpiration rates were not diminished.



Under salinity, some plants, such as Rosmarinus officinalis, develop tolerance and avoidance mechanisms. These mechanisms are based on stomatal closure and a reduced leaf area, in order to minimise water loss via transpiration [83]. Other resistance mechanisms include the development of osmotic adjustments, mainly involving the intake of inorganic solutes from the soil under salt stress situations to facilitate the maintenance of leaf turgor [69,123,148].



Decreases in stomatal conductance are one of the causes of photosynthesis (PN) decline, although photoinhibition or increases in mesophyll resistance may also play an important role when stress is more severe or prolonged [149,150]. Such changes could delay plant recovery at the onset of the autumn or even cause permanent damage. Long-term reduced net CO2 assimilation rates accompanying salinity have been attributed to stomatal closure, a decline in photosynthetic pigment content and concurrent non-stomatal factors (e.g., reduced protein concentrations) [92,151]. A decrease in PN due to salinity stress has also been reported in many other plant species, such as Viburnum tinus, a salt-sensitive species [90], and Alternathera bettzickiana, a halophytic ornamental plant [152].



There must be a level of stress that triggers a stomatal opening control to prevent loss of water and maintain CO2 fixation without an excessive decrease in productivity or plant growth. Thus the ratio of stomatal opening and the level of photosynthesis (photosynthesis efficiency or intrinsic water use efficiency, WUEi, [153]) are indicators of tolerance to osmotic stress. In P. purpurea plants submitted to a salt treatment, both PN and gs decreased in a similar way. On the other hand, E. myrtifolia and C. citrinus plants submitted to salt stress were able to increase their WUEi throughout most of the growing season, i.e., the plants maintain higher PN levels despite reduced stomatal opening [7,42]. This response agrees with the findings of Munns and Tester [9] and James et al. [154], who suggested that rates of PN per unit leaf area in salt-treated plants often remain unchanged, even though gs is reduced.



When drought and heat co-occur, stomatal closure and decreased transpiration, associated with high WUEi, may lead to a dramatic increase in leaf temperature (up to 7 °C above air temperature) [155]. If this situation remains for long periods of time, leaf photodamage and/or xylem embolism may occur, leading to severe defoliation and plant death [156].



Variations in stomatal opening affect transpiration, which is a mechanism that leaves use for cooling. Accordingly, a decrease in stomatal conductance leads to an increase in leaf temperature. Under salinity conditions, as osmotic stress increases, transpiration rates and the resulting leaf latent-heat flux decrease, leading to an increased surface temperature that consequently increases the difference in temperature between salt-stressed and control plants. Accordingly, Halim et al. [157], Gerard et al. [158] and Sirault et al. [159] reported that stomatal closure in saline-stressed plants induced an increase in canopy foliage temperature. Furthermore, canopy temperature measurements in sorghum plants were found to be sensitive enough to indicate differences across the salinity treatments when soil moisture was uniform for several days following irrigation. The results of several studies have demonstrated that canopy temperature or thermal indices may be useful indicators of osmotic effects due to salt stress on myrtle, sorghum and euonymus plants [6,158,160].




4.2. Plant Osmotic Regulation


The accumulation and compartmentalisation of toxic ions and/or compatible solutes to increase osmotic tolerance are among the mechanisms involved in salt tolerance [161]. The osmotic regulation process of stomatal opening occurs via the movement of solutes, called osmolytes, which influence water movement between the cells. This water movement has several purposes linked to cell hydration inside plants, such as stomatal opening and higher water absorption via the root system. Several compounds that work in the osmotic regulation of plants are well known: carbohydrates (sucrose, sorbitol, mannitol, glycerol, arabinitol, pinitol) [162]; nitrogen compounds (proteins, betaine, glutamate, aspartate, glycine, proline, choline, putrescine, 4-gamma aminobutiric acid) [163]; and organic acids (malate and oxalate). Common responses in species exposed to saline or drought stress are an increase in osmotic adjustment, changes in the cell wall elasticity, decrease in saturation weight/dry weight ratio and increase in the percentage of water apoplastic, which minimizes the saline effects by maintaining the foliar turgidity. According to Navarro et al. [123], Zheng et al. [164] and Suárez [165] osmotic and/or elasticity adjustment result in the turgor loss point being reached at a lower leaf water potential and at a lower relative water content. The degree of osmotic adjustment differs among plant species. Furthermore, the degree of osmotic adjustment can also be affected by the speed at which the stress is imposed and the age of the plant, among other factors [13,14].



Limited osmotic adjustment has been observed in Mediterranean ornamental plants submitted to saline stress [89,123]. C. citrinus, for example, may behave as a typical Cl− includer (accumulator), compartmentalising Cl− within the leaf vacuoles, where it may be used as an osmolyte to lower the osmotic potential necessary for the maintenance of leaf turgor [13]. Such osmotic adjustment made it possible for C. citrinus plants to maintain turgor potential throughout saline treatment, despite only moderate osmotic adjustment (0.2 MPa). This behaviour and the osmotic adjustment values observed are within the range of those reported in other studies on Mediterranean ornamental plants submitted to saline stress [69,123,148].



Moderate salinity did not change the cell wall elasticity of the shoot tissue in C. laevis, however, suggesting that elastic adjustment did not play a role in the adaptation mechanism, although some changes in the cell wall composition may have occurred (such as in cell wall thickness and chemical composition, for example), which could have contributed to the decrease in growth recorded in this species in response to salt stress [166,167].



Among the organic osmolytes, proline (Pro) and glycine-betaine (GB) are the most important and efficient compatible solutes [11]. In addition to acting as an osmoprotectant, Pro has been reported to have antioxidant properties, and it can act as a molecular chaperone to protect the structure of biological macromolecules during dehydration, thus conferring plant tolerance to environmental stresses [11,168]. In plants, proline synthesis is mainly catalysed by Δ-1-pyrroline-5-carboxylate synthetase (P5CS; EC 2.7.2.11/1.2.1.41), which converts glutamate into Δ-1- pyrroline-5-carboxylate (P5C) in the cytoplasm or chloroplast. P5C reductase (P5CR) further reduces P5C to proline [169]. In addition, proline may be also synthesised in mitochondria from ornithine by ornithine δ-aminotransferase (OAT; EC 2.6.1.13), catalysing the formation of P5C, which is further reduced to proline by P5CR. Proline degradation, occurring in the mitochondria, is mediated by the action of proline dehydrogenase (ProDH; EC 1.5.99.8), which produces P5C from proline, and of P5C dehydrogenase, which converts P5C to glutamate [170].



In general, salt-tolerant species accumulate Pro after a salt-stress challenge. For example, Eugenia myrtifolia L. plants showed a salt-tolerant response when treated with 8 dS·m−1 NaCl for 30 days, as observed by the effect in plant growth, and this response correlated with a 20% increase in leaf Pro contents [30]. Furthermore, the application of Pro and/or GB to salt-stressed rice plants improved plant growth [171].



Glycine betaine is synthesised and accumulated under a variety of abiotic stresses, and it acts as an osmolyte to protect PSII during salinity [172]. It can also protect the integrity of membranes and the activity of enzymes against osmotic stress [173].



Salt stress is also associated with the toxic effect produced by the absorption of salt ions that can cause damage to the various subcellular organelles, mainly mitochondria and chloroplasts, when accumulated to high levels in the cells. These ions can also have a negative effect on the different enzymatic activities. Most unwanted ions in the plant are compartmentalised in the vacuoles, where they cease to be directly harmful, and only those that fall outside the vacuoles cause saline damage. Tolerance mechanisms in salt stress are therefore strategies aimed at the inclusion and exclusion of toxic ions.



The exclusion of salts can take place in the roots, preventing ion movement to the aerial part of the plant. This mechanism occurs in some glycophytes and in most of the halophytes (salt-tolerant). The development of saline vesicle glands in the epidermis can facilitate the excretion of salts, preventing salt accumulation in different organs such as the leaves. Another example of exclusion mechanism is the salts accumulation in the old leaves causing death and fall of these organs.



The halophyte Plantago coronopus L. may behave as a typical Na+ includer that may be used as osmoticum to lower the osmotic potential necessary for the maintenance of leaf turgor [13]. This could indicate that these solutes were responsible for the osmotic adjustment described above. The cost of intracellular ion compartmentation is relatively small compared with the energy needed to synthesise organic solutes for osmotic adjustment [10]. However, the maintenance of leaf turgor is a controversial issue. Horie et al. [174] considered that salt accumulation in the leaf apoplast could be responsible for the death of leaves in plants exposed to salinity.





5. Photosynthesis and Chlorophyll Fluorescence


Salt stress affects photosynthesis both in the short and long term. In the short term, salinity can affect photosynthesis by stomatal limitations, leading to a decrease in carbon assimilation [18]. This effect can produce rapid growth cessation, even after just a few hours of salt exposure [17].



In the long term, salt stress can also affect the photosynthetic process due to salt accumulation in young leaves [9] and decreases in chlorophyll and carotenoid concentrations even in halophyte plants [14,175,176]. The photosynthesis rate (PN) can drop due to stomatal closure (gs), and/or other non-stomatal limitations, like the disturbance of the photosynthetic electron chain and/or the inhibition of the Calvin Cycle enzymes, such as Rubisco, phosphoenol pyruvate carboxylase (PECP), ribulose-5-phosphate kinase, glyceraldehyde-3-phosphate dehydrogenase or fructose-1,6-bisphosphatase [18,177]. A drop in gs can prevent excess water loss by transpiration, whereas proper regulation of the photosynthetic process can minimise the generation of ROS in PS II (1O2) and in the reducing side of the PSI (O2.− and H2O2) [178].



It is known that salt-tolerant species show increased or unchanged chlorophyll content under salinity conditions, whereas chlorophyll levels decrease in salt-sensitive species, suggesting that this parameter can be considered a biochemical marker of salt tolerance in plants [14,27].



In myrtle plants treated with different NaCl levels (from 4 to 8 dS·m−1) for 15 days, the leaf chlorophyll levels remained unchanged, whereas in eugenia plants subjected to the same treatment, the chlorophyll levels increased [28,29].



Analysing chlorophyll fluorescence is an easy and popular technique used in plant physiology studies that can provide interesting information about the state of the PSII [179]. Under saline conditions, a general decrease in photochemical quenching parameters (Fv/Fm, Y(II), qP) and in the electron transport rate (ETR) takes place, but increases in non-photochemical quenching parameters [qN, NPQ, Y(NPQ)] have also been reported [28,29,180,181,182] (Figure 2). The response to NaCl stress is correlated with decreases in PSII efficiency and increases in non-photochemical quenching parameters as a mechanism to safely dissipate excess energy. Salt stress was found to reduce ETR in a salt-sensitive rice cultivar, whereas only a slight reduction in ETR occurred in a salt-tolerant cultivar. However, the effect of NaCl stress on non-photochemical quenching parameters was somewhat different, since qN increased more substantially in the salt-tolerant cultivar than in the salt-sensitive cultivar [180]. In salt-sensitive plants, salt stress, besides reducing photochemical-quenching parameters and ETR, also reduces non-photochemical quenching parameters [181,183].



Decreases in photochemical and non-photochemical quenching parameters that occur in plants subjected to salt stress depend on the plant species and the severity of the stress. For example, in the salt-sensitive Cucumis sativus L. plants, whose growth was severely inhibited when subjected to 75 mM NaCl for up to 7 days [183]. After 15 days of salt treatment, eugenia plants subjected to 8 and 12 dS m−1 NaCl responded to the imposed stress with decreases in qP and Y(II) and a concomitant increase in the non-photochemical quenching parameters, a mechanism for safely dissipating excess light energy and minimising ROS generation [179]. At 30 days of stress, the increase in qP and Y(II) and the decrease in the non-photochemical quenching parameters observed in salt-treated plants paralleled the response observed in the gas exchange parameters, indicating an adaptive response to the imposed stress conditions (Figure 2). The recovery period was detected by plants as a new challenge, as evidenced by an alteration in the fluorescence parameters, especially in plants previously treated with 8 or 12 dS m−1 NaCl [29]. The observed decrease in qP as well as the drop in non-photochemical quenching parameters in this period suggested the generation of ROS in the chloroplasts as well as photooxidative damage [184], a response similar to that in NaCl-sensitive plants. In myrtle plants, no correlation between PN and fluorescence parameters was observed at 15 days of salt stress. At 30 days of stress, however, the drop in PN paralleled a decline in qP and Y(II) and increases in non-photochemical parameters, as a safe mechanism for dissipating excess light energy [29] (Figure 2). After the post-stress period, the partial recovery in PN observed in myrtle plants previously treated with 4 dS m−1 NaCl correlated with increases in qP and Y(II), whereas in plants previously subjected to 8 dS m−1 NaCl, both qN and Y(NPQ) dropped [28], reflecting a decrease in the safe dissipation of excess energy that could induce photo-oxidative damage in the photosynthetic apparatus [179]. Long-term NaCl treatment (75–150 mM) also decreased Y(II) and Y(NPQ) in Lawsonia inermis L. plants [94].



Mechanisms for the Protection of the Photosynthetic Machinery


The photosynthetic apparatus might be damaged even under moderate light if the excess light cannot be properly dissipated, favouring the generation of ROS that can damage the photosynthetic machinery [185]. This situation may be more severe under salinity conditions. One of the mechanisms involved in the safe dissipation of excess excitation energy in PSII is the so-called xanthophyll cycle. Under stress conditions, the carotenoid violaxanthin is converted to zeaxanthin by the enzyme violaxanthin de-epoxidase [186]. This cycle has a role in the dissipation of excess excitation energy in the PSII antenna as heat by a process termed non-photochemical quenching (NPQ) [186]. In addition, zeaxanthin has been reported to play an important role as an antioxidant. Accordingly, the accumulation of zeaxanthin in transgenic tomatoes was found to alleviate salt-induced photoinhibition and photo-oxidation due to the antioxidant role of zeaxanthin in the scavenging of singlet oxygen and/or free radicals in the tilakoid membranes [186]. Furthermore, Huang et al. [187] reported the important role of ascorbate in the protection of the photosynthetic machinery. Under salt stress, the Arabidopsis vtc-1 mutant showed a more significant decrease in PN and in all the chlorophyll fluorescence parameters than did the wild-type plants, indicating that the decrease in PN was due to ascorbate deficiency. Accordingly, ascorbate plays a central role in the protection of the chloroplast under salt stress conditions since it acts as a ROS scavenger and is a cofactor of violaxanthin de-epoxidase, which is involved in excess light energy dissipation in the xanthophyll cycle [185].



Photorespiration can act as a sink for excess reducing power, thereby preventing the over-reduction of the photosynthetic electron chain [188]. In addition, the photorespiratory pathway serves to convert phosphoglycolate (2PG) to 3-phosphoglycerate (3PGA), which can be metabolised to either regenerate RuBP or to make complex sugars and other carbon-based organic metabolites [189]. These effects can be even more important considering that different stress conditions can increase photorespiratory rates [190]. Drought and salinity, for example, trigger a decrease in stomatal conductance, thus decreasing the CO2:O2 ratio and increasing photorespiration [190]. Under salinity conditions, the photorespiratory pathway can prevent photo-oxidative damage by continuously recycling CO2 for the chloroplast from the decarboxylation of glycine in the mitochondria. In addition, glycerate, produced inside the peroxisome, can be imported into the chloroplast and enter the Calvin cycle. These mechanisms keep the Calvin cycle working and prevent ROS generation in the electron transport chain, providing substrates for the chloroplast and decreasing the risk of photoinhibition under environmental stress conditions.



The stimulation of glycolate oxidase activity by salinity in pea leaf peroxisomes from salt-tolerant plants suggests that photorespiration can act as a molecular mechanism in NaCl-tolerance [191]. In C3 plants, both CO2 fixation and photorespiration are the major sinks of electrons from PSII (4 electrons are required for CO2 or O2 reacting with Rubisco) [192].



In some salt-tolerant plants, increases in catalase activity have been recorded after an NaCl challenge, such as those described in tomato plants and myrtle, suggesting increased photorespiratory activity [25,26,28]. CAT has been found predominantly in leaf peroxisomes, where it chiefly functions to remove H2O2 formed in photorespiration or in the β-oxidation of fatty acids in the glyoxysomes [193]. The increase in CAT activity in salt-tolerant plants may suggest an involvement of photorespiration in the NaCl stress response. A correlation between CAT activity and photosynthesis has been described, since an increase in CAT reduces the photorespiratory loss of CO2 [194].



Another protective mechanism for the photosynthetic machinery is the water-water cycle [178]. This cycle can be defined as the photoreduction of molecular oxygen to water in PSI by the electrons generated in PSII from water [178]. In this cycle, half of the electrons generated in PSII are used for the photoreduction of dioxygen to superoxide in PSI, and the other half are used for the regeneration of ascorbate (for more details of this cycle please consult the revision by Asada [178]). The primary function of the water-water cycle is the protection of the chloroplast components from the ROS. For example, different enzymes (Calvin cycle, photorespiration, chloroplast APX and SOD, etc.) can be inhibited by ROS [178]. In addition, the water-water cycle allows linear electron flow for ATP production that could be used in the photorespiratory pathway, which also dissipates excess photon energy.





6. Biochemical Adaptations


6.1. Antioxidative Metabolism


It is well known that salinity induces oxidative stress in plants at the subcellular level [21,22,23,25,26,195]. Different works have reported that salt stress induces an accumulation of superoxide radicals (O2) and hydrogen peroxide (H2O2) in different cell compartments, including chloroplasts, mitochondria and apoplastic space, which correlates with increases in some oxidative stress parameters, such as lipid peroxidation and protein oxidation [7,21,22,23,25,196,197]. In contrast, in leaf or root peroxisomes from salt-treated plants, no important changes in O2.− or H2O2 concentration have been reported [25,26,191], although lipid peroxidation levels have increased in some cases. In pea leaf peroxisomes, H2O2 concentrations were even statistically lower in the presence of NaCl than in control plants, in spite of the inhibition of catalase (an H2O2-scavenger enzyme) and an increase in the H2O2-producing enzyme glycollate oxidase [190].



Different papers have shown that the response of the antioxidative defences of the salt-tolerant species is somewhat different to that of salt-sensitive species. For example, some authors have described a coordinated up-regulation of the antioxidative machinery as one of the mechanisms involved in the salt tolerance response [23,25,195,196,198]. Other authors have correlated salt tolerance with higher constitutive levels of certain antioxidant enzymes [24,199,200,201]. In contrast, the antioxidant defences in salt-sensitive species show an unchanged response or even a decrease, and these species display lower constitutive antioxidant enzyme levels than salt-tolerant species [21,22,24,25,26,201] (Table 2). In different salt-tolerant species, increases in the antioxidant defences have been reported. For example, in salt-tolerant pea cultivars (cv. Granada and cv. Puget) increases have been observed in the antioxidant defences in chloroplasts and mitochondria [21,22,196]. In the wild salt-tolerant related tomato species Lycopersicon pennellii, salt-induced oxidative stress was alleviated by a selective up-regulation of a set of antioxidant enzymes at the subcellular level. Increases in SOD and the ASC-GSH cycle components took place in the chloroplasts, mitochondria and peroxisomes from salt-treated (100 mM NaCl) Lycopersicon pennellii plants, whereas in the cultivated tomato (Solanum lycopersicom), which is sensitive to 100 mM NaCl, a drop occurred in most of these antioxidant defences [25,26,197] (Table 3). It has been also described that NADPH regeneration systems, especially in roots, contribute to maintaining the redox state, and this seems to be essential in the biochemical mechanisms of plant defence against oxidative stress situations [202].



Furthermore, the salinity tolerance response of myrtle and eugenia plants to NaCl (44–88 mM) has been found to parallel increases in certain antioxidant defences, including MDHAR and catalase in the case of myrtle and MDHAR, GR, SOD and GSH concentrations in the case of eugenia [28,29].



In general, salt stress affects ascorbate and glutathione levels much more in sensitive plants than in tolerant plants. NaCl stress produced a 50% reduction in the total ascorbate pool in soluble fractions in an NaCl-sensitive pea genotype after 15 days of stress. This reduction was due to the loss of both the oxidized (DHA) and the reduced (ASC) forms. In an NaCl-tolerant genotype, salt stress also reduced SC and DHA levels but less so than the sensitive plants. Furthermore, no effect was observed on the ASC/DHA ratio. In contrast, less difference was observed in the glutathione concentrations. Even so, the reduced form (GSH) concentration decreased more in the NaCl-sensitive plants than in the NaCl-tolerant plants [195].



Both ASC and GSH were detected in the leaf apoplastic space of two pea cultivars with different levels of NaCl sensitivity. ASC and GSH levels did not change in either cultivar in response to NaCl, although the redox state of the ascorbate and glutathione pools decreased progressively with the severity of the stress (0 to 90 mM NaCl). Nevertheless, all these changes were, again, less pronounced in the resistant cultivar, which furthermore had higher constitutive levels of ASC and GSH in its apoplastic space than the sensitive cultivar [23]. The effect of NaCl on the ASC and GSH levels was also analysed in the leaf symplast of both pea cultivars. The data showed that ASC levels began to fall in the susceptible cultivar in the presence of 50 mM NaCl, whereas in the resistant cultivar this response occurred in the presence of higher NaCl levels (90 mM) [23]. Regarding symplastic GSH, the response was similar in both cultivars, but GSSG accumulation was only significant in the susceptible cultivar when exposed to 90 mM NaCl [23].



In grapevine plantlets, 100 mM NaCl did not affect ASC levels, but an accumulation of DHA occurred. Regarding glutathione pool, salt treatment reduced the GSH concentration but no effect was observed on GSSG levels. In both cases, a reduction in the redox state of ascorbate and glutathione occurred [182].



NaCl resulted in a decrease in the ascorbate and glutathione levels in chloroplasts from cucumber seedlings, and both forms of the two antioxidants were affected, especially the oxidized forms (DHA and GSSG). In this case, the GSH levels were much more affected than the ascorbate levels [183].



NaCl stress (100 mM) produced a decline in the ASC content in leaves of the salt-sensitive rice cultivar IR-29, but no effect was recorded in the roots of this rice cultivar or in the leaves or roots of an NaCl-tolerant rice cultivar (Pokkali) [181].




6.2. ROS and RNS Generation


Chloroplasts and mitochondria are important sources of ROS in plants subjected to salt stress. As a consequence of photosynthesis and Calvin cycle impairment, the over-reduction of the electron chain along with the lack of regeneration of the final electron acceptor in PSI (NADP+) favour electron transfer from ferredoxin to oxygen to form O2.− (Mehler Reaction), which is disproportionated to H2O2 and O2 by SOD [178]. In addition, singlet oxygen (1O2) generation is increased when the photoinhibition of PSII occurs in illuminated chloroplasts [209]. Under salt stress conditions, an increase in H2O2 content was reported in the chloroplasts of two pea cultivars, although this increase was much higher in the salt-sensitive cultivar than in the salt-tolerant one [22]. In another salt-tolerant pea cultivar (cv. Puget), the chloroplast H2O2 content increased up to 3.5-fold when plants were treated with 110 mM NaCl [196].



In plant mitochondria, two different sites of superoxide generation have been described which are located at the flavoprotein NADH dehydrogenase and at the ubiquinone-cytochrome b segments [210]. In sub-mitochondrial particles from pea plants, NaCl treatments increased NADH-dependent O2.− generation in an NaCl-tolerant cultivar and in an NaCl-sensitive cultivar. Nevertheless, the succinate-dependent O2.− generation was much higher in the NaCl-sensitive cultivar than in the resistant cultivar [21]. However, in these conditions, the Mn-SOD and Cu,Zn-SOD I isoenzymes only decreased in the mitochondria from the NaCl-sensitive cultivar, whereas a significant increase in Mn-SOD took place in the mitochondria from the tolerant cultivar. The ability of the mitochondria from the salt-sensitive cultivar to scavenge O2.− was therefore reduced under conditions with higher O2.− generation. However, despite the increase in the O2.− rate generation in pea mitochondria under salt stress conditions, no change in the endogenous H2O2 concentration was detected. A similar response was reported in mitochondria from the salt-tolerant pea cultivar Puget by the effect of 70 mM NaCl. The unchanged mitochondrial H2O2 levels under salinity conditions could be explained by the fact that the membranes are permeable to H2O2, and H2O2 diffusion can be increased by NaCl stress [211]. However, 2- and 3-fold increases in mitochondrial H2O2 have been observed in the presence of 90 and 110 mM NaCl, respectively [196]. The decrease in mitochondrial antioxidant defences has been correlated with higher rates of lipid peroxidation and protein oxidation [21,196].



Peroxisomes also generate ROS as a result of their metabolism. In pea leaf peroxisomes, there are at least two sites of O2.− generation: the reaction of the enzyme xanthine oxidase in the matrix and an NAD(P)H-dependent O2.− generating enzyme in the peroxisomal membrane [212]. In addition, H2O2 is produced at a high rate in peroxisomes by the action of different H2O2-producing flavin oxidases, with the photorespiratory glycolate oxydase enzyme being one of the most important H2O2 generators [213]. In peroxisomal membranes from pea leaves, neither the NADH-induced generation of O2.− nor the lipid peroxidation of membranes was found to be altered by salt stress, and results were similar in NaCl-tolerant and NaCl-sensitive pea plants [191]. In contrast, NaCl produced a decrease in the endogenous H2O2 concentration in leaf peroxisomes in both pea cultivars [191]. These authors suggested that H2O2 could react non-enzymatically with some peroxisomal metabolite whose concentration could be induced by salt stress [191]. This response has also been observed in root peroxisomes from tomato plants [26]. In this case, the authors attributed the decrease in the H2O2 levels in root peroxisomes, at least partially, to the fact that there were greater increases in APX and CAT activities than in SOD activities. In other words, the H2O2 detoxification rate is higher than the H2O2 production rate under salinity [26]. Alternatively, peroxisomal H2O2 could be potentially dangerous by leaking out, reaching the cytosol and inducing oxidative stress in this cell compartment [191]. H2O2 is also generated by the spontaneous and/or enzymatic dismutation of O2.− radicals in all cell compartments [178,214].



The effect of salt stress on ROS accumulation (mainly H2O2) can be also analysed by colorimetric methods in different plant tissues. By using the xylenol orange method [215] and Barba-Espín et al. [97] observed that 70 mM NaCl did not affect leaf H2O2 in pea leaves, but in the combined treatment using NaCl plus salicylic acid (50 or 100 µM), a 35% increase in leaf H2O2 was observed. Using the same methodology, García de la Garma et al. [216] analysed the effect of NaCl stress on the H2O2 levels in tobacco BY-2 cells at different growth phases. These authors also observed an accumulation of H2O2 in all the growth phases analysed. Furthermore, by using confocal laser microscopy, they found ROS accumulation in the cytoplasm and mitochondria. The effect of salinity on ROS levels (O2.− and H2O2) was also monitored in the xylem sap in two poplar cultivars with different levels of salt sensitivity [217]. After 18 days of treatment (250 mM NaCl) these authors only observed significant O2.− and H2O2 accumulation in the NaCl-sensitive plants. NaCl increased H2O2 in the apoplast in a concentration-dependent manner. Nevertheless, the apoplastic H2O2 levels were nearly 4–5-times higher in an NaCl-sensitive cultivar than in an NaCl-tolerant cultivar when plants were exposed to 70 or 90 mM NaCl [23].



Salt stress also produces increased O2.− generation in the chloroplast, as observed in cucumber seedling growth in the presence of 75 mM NaCl, which also correlated with higher lipid peroxidation results [183].



Salt stress was also found to increase the H2O2 levels in different plum lines overexpressing cytosolic Cu,Zn-SOD and/or APX. In this study, all transgenic plum lines had lower levels of H2O2 than non-transformed wild-type plants under salt exposure (100 mM) [207].



ROS accumulation under salt stress can be also monitored by the staining of plant tissues with diaminebenzydine (DAB, to locate H2O2) or with Nitroblue tetrazolium (NBT, to locate O2.−). In pea leaves, salt stress (90 mM NaCl) was found to produce an accumulation of H2O2 and O2.− that was more evident in a salt-sensitive cultivar (cv. Lincoln) than in a relatively salt-tolerant cultivar (cv. Puget) [23]. In grapevine plantlets, 100 mM NaCl also produced ROS accumulation in leaves. In this case, a different pattern of H2O2 and O2.− accumulation was observed: the H2O2 staining appeared as small spots on the leaf surface, whereas the O2.− staining was observed in the veins [182].



Besides ROS, nitric oxide (NO) is also involved in the response of plants to salinity. Different works have reported that pre-treatment with a NO-donor (such as SNP) can improve the response of plants to NaCl-induced damage [218,219]. For example, exogenous NO application has been found to protect soybean plants and sunflower cotyledons from NaCl stress. In soybean plants, NO increased RWC, chlorophyll and ABA levels, and plants displayed better stomatal control [218]. In addition, NO can act as a regulator of glutathione metabolism, modulating the activity of GSH-dependent enzymes such as GST, GR, and GSH contents [218,219,220].



NaCl increased NO generation in tomato roots, but produced a decrease in nitrosoglutathione (GSNO), probably due to the strong drop in GSH under saline conditions [220]. GSNO is considered a NO reservoir in plants, and the balance between both molecules may act as a regulation mechanism in the response to salt stress, at least in roots [220]. It seems that under salt stress conditions, plant peroxisomes, in addition to generating ROS, are the main source of NO production [221]. These same authors also demonstrated that peroxisomes are required for NO accumulation in the cytosol, thereby participating in the production of peroxynitrite (ONOO−), resulting in a nitrosative stress, moniroted by an increase in protein Tyr nitration in salt-stressed plants [221,222].




6.3. Effect of Biostimulants in the Salt-Stress Response


Different studies have demonstrated that the addition of pre-treatment with various molecules can improve or enhance the plant response to salt stress. For example, the exogenous application of H2O2 can induce salt tolerance in different plant species, including rice, wheat and maize [223].



Recently, Kaur and Bhatla [219] found that exogenous melatonin can improve salinity effects in sunflower cotyledons by modulating GSH metabolism or by increasing the activity of H2O2-scavenging enzymes (APX, CAT, POX), improving the photosynthetic rate and increasing the K+/Na+ ratio in Malus hupehensis Rehd [224].



The effects of SA treatments on the response of plants to salinity have also been studied. However, the results obtained vary depending on the plant species, growth conditions, and the SA and stress application rates. To give an example, foliar SA application significantly improved the growth of NaCl-treated tomato plants. This alleviation of NaCl toxicity by SA was related to a decrease in Na concentrations, an increase in K and Mg concentrations in the shoots and roots, and an increase in the antioxidant mechanism [225]. SA application was also found to partially protect pistachio seedlings against salt stress injuries by improving different physiological parameters such as RWC, chlorophyll content, chlorophyll fluorescence and the photosynthetic rate [226]. However, other works have found that SA treatments negatively affect the response of plants to NaCl, and that this response correlated with an imbalance in the antioxidant metabolism [97]. Borsani et al. [227] found that SA increased oxidative damage during both NaCl and osmotic stress and was critical in Arabidopsis seedling mortality under these conditions.



The protective role of polyamines (PAs) against salt stress has been also examined. For example, PA treatment improved the response of mung bean seedlings to salt stress by enhancing the levels of glutathione and ascorbate in addition to the activity of different antioxidant enzymes, including DHAR, GR, CAT and GPX [228]. The possible involvement of PAs in salt stress adaptation has also been investigated in grapevine (Vitis vinifera L.) plantlets. Treatment of plantlets with methylglyoxal bis(guanylhydrazone) (MGBG), a S-adenosylmethionine decarboxylase (SAMDC) inhibitor, enhanced the salt stress effects [182]. Salt and/or MGBG treatments also triggered an increase in lipid peroxidation and ROS accumulation but decreased APX activity and reduced glutathione [182]. These authors suggested that maintaining PA biosynthesis through enhanced SAMDC activity in grapevine leaf tissues under salt stress conditions could contribute to enhanced ROS scavenging activity and to protection of the photosynthetic apparatus from oxidative damage.





7. Conclusions


Salinity is one of the most significant environmental challenges limiting plant productivity. In the short term, salt stress is first perceived by the root system, inducing osmotic stress and causing reduced water availability. In the long term, salt stress induces ion toxicity due to nutrient imbalances in the cytosol.



A proper root system can ensure water and nutrient uptake in saline conditions and improve plant resistance to saline conditions. In general, salt stress produces a decrease in the aerial part of the plant, partially associated with leaf abscission mediated by ethylene production. This decrease in growth can be considered a mechanism to minimise water loss by transpiration. Moreover, an increased root to shoot ratio has been described under salinity. A bigger root proportion under salt stress can favour the retention of toxic ions, which can be an important mechanism of plant resistance/survival under saline conditions (Figure 3).



The accumulation and compartmentalisation of toxic ions and/or compatible solutes is therefore one of the mechanisms involved in salt-tolerance. Toxic ion accumulation can be an energetically cheap and positive way for plants to obtain osmotic regulation, but only if they are able to compartmentalise the ions in the vacuole. Among the organic osmolytes, Pro and GB are the most important as efficient compatible solutes. In addition to acting as an osmoprotectant, Pro has been reported to have antioxidant properties, but it can also act as a molecular chaperone to protect the structure of biological macromolecules. In general, salt-tolerant species accumulate Pro after a salt-stress challenge. GB, on the other hand, can act as an osmolyte to protect PSII during salinity (Figure 3).



It is known that prolonged salt stress may cause changes in leaf anatomy. In general, tolerant species respond by increasing leaf thickness. Anatomical modifications in leaves also include an increase in palisade parenchyma and intercellular spaces and a decrease in spongy parenchyma, serving to facilitate CO2 diffusion in a situation of reduced stomatal aperture.



Damage to the chloroplast is an important aspect of the effect of salinization on leaf cells (Figure 3). The main salt-induced changes in the chloroplast ultrastructure include changes in starch content, disarranged thylakoids and grana and increased numbers of plastoglobuli. In tolerant plants, decreases observed in starch content could suggest that the starch is used for different physiological processes to cope with the salt stress challenge.



In salt-tolerant plants, plant growth is less affected. Salt exclusion and salt compartmentalisation in vacuoles and the accumulation of osmolytes are important mechanisms for salt tolerance. PN and gs are also affected in salt-tolerant species, and an increase in the ratio PN/gs (WUEi) indicates better photosynthetic performance. In general, salt-tolerant species display greater increases in the induction and/or constitutive levels of certain antioxidant defences than salt-sensitive plants. In general, tolerant species respond by increasing leaf thickness and succulence. Anatomical modifications in leaves also include an increase in palisade parenchyma and intercellular spaces and a decrease in spongy parenchyma, serving to facilitate CO2 diffusion in a situation of reduced stomatal aperture. At the root zone, the accumulation of toxic ions also provokes a decrease in the root osmotic potential. In general, increases in root density takes place in tolerant species that favour the retention of toxic ions in roots, limiting the accumulation of these ions in the canopy. Finally, it is well known that both the presence of arbuscular mycorrhizal fungi (AMF) and salt-tolerant rootstocks produce a synergic effect that can alleviate the negative effects of salt stress.



Salt stress affects photosynthesis both in the short and long term (Figure 3). In the short term, salinity can affect photosynthesis by stomatal limitations (the stomatal factor), leading to a decrease in carbon assimilation. In the long term, salt stress can also affect the photosynthetic process due to salt accumulation in young leaves, leading to the loss of photosynthetic pigments and the inhibition of Calvin cycle enzymes (non-stomatal factors). As a mechanism to protect the photosynthesis process, tolerant species respond by maintaining or increasing their chlorophyll content.



In general, salt-sensitive plants show a drop in photochemical quenching parameters but an increase in non-photochemical quenching parameters. However, and depending on the plant species and the severity of the stress, a decrease in both photochemical and non-photochemical quenching parameters can also take place (Figure 3).



Salinity induces oxidative stress at the subcellular level (Figure 3), particularly in the chloroplast, which can affect the photosynthesis process. In this regards, plants have developed mechanisms for protecting their photosynthetic machinery. One of the mechanisms involved in the safe dissipation of excess excitation energy in PSII is the so-called xanthophyll cycle, whose function is to dissipate excess excitation energy in the PSII antenna as heat by a process termed non-photochemical quenching (NPQ). Photorespiration is another protective mechanism that can act as a sink for excess reducing power, thereby preventing the over-reduction of the photosynthetic electron chain. Moreover, the so-called water-water cycle is also a protective mechanism for the photosynthetic machinery. The primary function of this pathway is the protection of the chloroplast components from the ROS, but it also acts as a mechanism for dissipating excess photon energy.



As mentioned, it is well known that salinity induces oxidative stress in plants at the subcellular level, and those chloroplasts and mitochondria are important sources of ROS in plants subjected to salt stress. Some authors have described a coordinated up-regulation of the antioxidative machinery as one of the mechanisms involved in the salt tolerance response, whereas other authors have correlated salt tolerance with higher constitutive levels of certain antioxidant enzymes. In contrast, salt-sensitive species show an unchanged response or even a decrease in antioxidant defences, and they display lower constitutive antioxidant enzyme levels than salt-tolerant species (Figure 3).
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Figure 1. Light microscopy images showing the effect of NaCl on the percentage of area occupied by palisade parenchyma (PP), spongy parenchyma (SP) and intercellular spaces (IS) in leaves from E. myrtifolia and M. communis plants after 30 days of NaCl treatment. ID: idioblast. The increase in palisade parenchyma and intercellular spaces and decrease in spongy parenchyma can improve the CO2 diffusion, making it easier for CO2 to reach the chloroplasts, which are present in a greater proportion in the palisade parenchyma. Partially reproduced from [28,29]. 
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Figure 2. Chlorophyll fluorescence parameters in leaves of E. myrtifolia and M. communis plants at 30 days of NaCl stress. Images of the coefficient of photochemical quenching (qP), the effective PSII quantum yield [Y(II)], the non-photochemical quenching coefficient (qN) and non-photochemical quenching (NPQ). C, control plants; S4, 4 dS m−1; S8, 8 dS m−1. In the presence of salt stress, the photochemical quenching parameters increased in Eugenia plants, whereas myrtle plants showed increased non-photochemical quenching parameters, as a safe mechanism for dissipating excess light energy and minimising reactive oxygen species (ROS) generation. Partially reproduced from [28,29]. 
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Figure 3. Schema showing the effect of salinity on salt-sensitive (A) and salt-tolerant (B) plants. Salt stress produces an important decrease in plant growth in salt-sensitive plants, especially in relation to the aerial part. The accumulation of phytotoxic ions in leaves results in a nutrient imbalance particularly reflected in decreases in K+ and Ca2+. Salinity disturbs a plant’s water relations, leading to lower leaf relative water content (RWC) and leaf water potential (ψl). Salt stress affects the photosynthesis rate (PN) by stomatal and non-stomatal limitations. In addition, decreases in chlorophyll content and in chlorophyll fluorescence parameters occurs in parallel. In addition, oxidative stress at the subcellular level takes place by the effect of salt stress. In salt-stressed plants the synthesis of ethylene and abscisic acid (ABA) increases, but a decrease occurs in indol-3-acetic acid (IAA) and cytokinin (CK) that favours the progression of senescence in salinized leaves. Damage to the chloroplast is an important aspect of the effect of salinization, accompanied by starch accumulation. The accumulation of salts in the root zone causes a decrease in osmotic potential, root water potential (ψr) and the root hydraulic conductivity (Lp), diminishing the water available to the root zone and provoking a nutrient imbalance in roots. 
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Table 1. Effect of salt stress on growth parameters in different plant species.
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Plant Species

	
Salt Treatment

	
Type of Water a

	
Time

	
Parameter

	
References






	
(a)




	
Pisum sativum cv. Challis

Pisum sativum cv. Granada

	
30–210 mM

	
NaCl

	
15 days

	
Leaf area, leaf FW, leaf DW

	
[22]




	
Carrizo citrange

	
200 mM

	
NaCl

	
30 days

	
Leaf abscission

	
[60]




	
Argyranthemum coronopifolium

	
70 mM

	
NaCl

	
15 days

	
Leaf area, RGR, NAR, LAR, SLW

	
[76]




	
Limonium latifolium cv. Avignon

Limonium latifolium cv. Beltlaard

	
140 mM

	
NaCl

	
20 days

	
Total DW, shoot DW, Leaf area

	
[77]




	
Pisum sativum cv. Puget

	
70–160 mM

	
NaCl

	
15 days

	
Shoot FW, shoot DW

	
[78]




	
]Pisum sativum cv. Lincoln

	
50–90 mM

	
NaCl

	
15 days

	
Shoot FW, shoot DW

	
[23]




	
Pisum sativum cv. Puget

	

	

	

	

	




	
7 Olea europea L. cvs.

	
25–200 mM

	
NaCl

	
150 days

	
Total DW (shoot DW + root DW), Leaf area, shoot length, root:shoot DW ratio

	
[79]




	
Carrizo citrange (citrus genotype)

	
30, 60, 90 mM

	
NaCl

	
28 days

	
Damage in aerial part, leaf abscission

	
[80]




	
Cistus monspeliensis L.

Cistus albidus L.

	
70, 140 mM

	
NaCl

	
150 days

	
Leaf area, leaf damage

Shoot DW, root DW, RGR, NAR, LAR, LWR, SLA

	
[81]




	
Cistus monspeliensis L.

Cistus albidus L.

	
Anion surfactant, Sea-aerosol, AN + SA

	
120 days

	
Total DW, leaf area, leaf number, stem DW, root DW

	
[82]




	
Asteriscus maritumus

	
70, 140 mM

	
NaCl

	
126 days

	
Leaf DW, leaf area, stem DW, shoot DW, flower DW, root DW, RGR, NAR, LAR, LWR, SLA

	
[69]




	
Rosmarinus officinalis

	
35, 70 mM

	
NaCl

	
180 days

	
Leaf DW, total leaf area, stem DW, plant height, root DW, shoot:root DW ratio

	
[83]




	
5 perennial herbaceous

	
0.8, 2, 4 dS·m−1

	
RW

	
90 days (Summer)

90 days (Fall)

	
Visual quality, shoot DW, plant height

	
[84]




	
Arbutus unedo

	
52 mM (5.45 dS·m−1)

105 mM (9.45 dS·m−1)

	
NaCl

	
112 days

	
Total DW, leaf area, plant height

	
[85]




	
Solanum lycopersicum L. cv. Moneymaker

	
100 mM NaCl

	
NaCl

	
21 days

	
Leaf number, leaf FW, leaf area, shoot FW, root FW, root:shoot FW ratio

	
[63]




	
5 Citrus genotypes

	
60 mM

	
NaCl

	
86 days

	
% of damaged leaves, leaf abscission

	
[86]




	
12 ornamental shrubs

	
10, 40, 70 mM

	
NaCl

	
120 days

	
Necrotic leaf percentage, RGR

	
[72]




	
Lantana camara

Polygala myrtifolia

	
2.46 dS·m−1

5.63 dS·m−1

4.32 dS·m−1

	
NaCl

RW

NaCl + RW

	
160 days

	
Plant dry weight, leaf area, shoot:root ratio, visual quality index

	
[87]




	
(b)




	
5 ornamental species

	
0.6, 4, 6, 8, 12 dS·m−1

	
NaCl + CaCl2

	
180 days (S-S)

180 days (F-W)

	
Visual quality rating, leaf DW, stem DW, root DW, shoot:root DW ratio

	
[88]




	
Phlomis purpurea

	
4 dS·m−1

	
NaCl

	
182 days

	
Leaf number, total leaf area, stem diameter, shoot DW, plant height, root DW, shoot:root DW ratio

	
[89]




	
Viburnum tinus

Metrosideros excelsa

	
NaCl (2, 6 dS·m−1)

B (1, 6 mg/L)

	
NaCl+B

	
170 days

	
Leaf fall, plant dry weight, shoot:root ratio

	
[90]




	
Echinacea purpurea

Echinacea pallida

Echinacea angustifolia

	
50 mM (5.50 dS·m−1),

75 mM (7.89 dS·m−1)

100 mM (9.96 dS·m−1)

	
NaCl

	
14 days

	
Salt leaf injury index, leaf area, shoot DW, shoot WC (%), root DW, root WC (%)

	
[91]




	
Euonymus japonica

	
1.7 dS·m−1, 4 dS·m−1,

4 dS·m−1 RW

	
NaCl

	
140 days

	
Leaf DW, leaf number, total leaf area, root DW, total root length, root:shoot DW ratio, visual characteristic

	
[45]




	
Evonymus japonica

Viburnum tinus

	
4 dS·m−1

4 dS·m−1

	
NaCl

RW

	
140 days

	
Total biomass DW, leaf number, total leaf area, plant height

	
[92]




	
Myrtus communis L.

	
1.7, 4, 8 dS·m−1

	
RW

	
154 days

	
Leaf area, Shoot DW, root DW, plant height, plant compactness (leaf area/height)

	
[93]




	
Callistemon citrinus

	
4 dS·m−1

	
NaCl

	
56 days

	
Leaf DW, stem DW, stem diameter, root DW, total DW, root:shoot DW ratio, total leaf area, plant height, root morphology parameters, RGR

	
[42]




	
Lawsonia inermis L.

	
75, 150 mM

	
NaCl

	
53 days

	
Total FW, shoot:root DW ratio, RGR

	
[94]




	
Myrtus communis L.

	
4, 8, 12 dS·m−1

	
NaCl

	
30 days

	
Leaf DW, stem DW, root DW, root:shoot DW ratio

	
[28]




	
Eugenia myrtifolia

	
4, 8, 12 dS·m−1

	
NaCl

	
30 days

	
Leaf FW, leaf DW, total leaf area, leaf water content, stem DW, root DW, root:shoot DW ratio

	
[29]




	
Callistemon laevis

	
4 dS·m−1

	
NaCl

	
300 days

	
Leaf DW, leaf area, stem DW, root DW, plant height, root:shoot DW ratio, plant compactness (leaf area/ height)

	
[95]




	
Myrtus communis L.

	
2.0, 5 dS·m−1

10.0 dS·m−1

	
RW

NaCl

	
90 days

	
Leaf DW, stem DW, root DW, total DW, root:shoot DW ratio

	
[6]




	
Viburnum lucidum

Callistemon citrinus

	
200 mM

	
NaCl

	
103 days

	
Leaf number, leaf area, shoot DW, apical shoot length, lateral shoot length, lateral shoots, plant height, root DW, root:shoot DW ratio

	
[8]




	
Verbana bonariensis L.

	
200 mM

	
NaCl

	
2013–2014

	
Total plant height, FW of aboveground part, visual score

	
[96]








a NaCl solutions (NaCl) or reclaimed water (RW).
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Table 2. Effect of salt stress on the activity of antioxidant enzymes in different plant models from salt-tolerant species.







Table 2. Effect of salt stress on the activity of antioxidant enzymes in different plant models from salt-tolerant species.







	
Plant Specie

	
NaCl Treatment

	
Enzyme

	
Response

	
Cell Compartment

	
References






	
Pisum sativum cv. Granada

	
70 mM

	
Mn-SOD

	
increase

	
Leaf mitochondria

	
[21]




	
Pisum sativum cv. Puget a

	
90 mM

	
APX, MDHAR, DHAR

	
increase

	
Leaf mitochondria

	
[196]




	
Lycopersicon pennellii

	
100 mM

	
Mn-SOD, APX, MDHAR, DHAR, GPX

	
increase

	
Leaf mitochondria

	
[25]




	

	

	
GR

	
decrease

	
Leaf mitochondria

	
[25]




	

	

	
Mn-SOD, APX

	
increase

	
Root Mitochondria

	
[26]




	

	

	
DHAR

	
decrease

	
Root Mitochondria

	




	
Pisum sativum cv. Puget

	
90 mM

	
APX, DHAR, GR

	
increase

	
Chloroplasts

	
[196]




	
Pisum sativum cv. Granada

	
70 mM

	
Cu,Zn-SOD, APX

	
increase

	
Chloroplasts

	
[22]




	
Triticum durum Desf. cv. Ofanto

	
50 mM

	
stAPX, tAPX

	
increase

	
Chloroplasts

	
[203]




	

	

	
stMDHAR, stDHAR

	
decrease

	
Chloroplasts

	




	
Suaeda salsa

	
400 mM

	
tCu-Zn-SOD

	
increase

	
Chloroplasts

	
[204]




	
Pisum sativum cv. Puget

	
70–110 mM

	
tFe-SOD, sFe-SOD, tCuZn-SOD, sCuZn-SOD, sAPX, tAPX

	
increase

	
Chloroplasts

	
[205]




	
Pisum sativum cv. Granada

	
70 mM

	
CAT

	
decrease

	
Leaf peroxisomes

	
[191]




	
Lycopersicon pennellii

	
100 mM

	
SOD, APX, MDHAR, CAT

	
increase

	
Leaf peroxisomes

	
[25]




	

	
100 mM

	
Mn-SOD, APX, MDHAR, CAT

	
increase

	
Root peroxisomes

	
[26]




	
Pisum sativum cv. Puget

	
90 mM

	
SOD

	
increase

	
Leaf apoplast

	
[23]




	
Triticum aestivam L. cv Gerek-79

	
250–500 mM

	
POX, SOD

	
increase

	
Leaf apoplast

	
[206]




	
Populus euphratica Oliv.

	
100–250 mM

	
SOD

	
Increase

	
Xylem sap

	
[207]




	
Brassica oleracea L.

	
80 mM

	
POX

	
Increase

	
Xylem sap

	
[208]




	
Pisum sativum cv. Granada

	
70 mM

	
APX, MDHAR, DHAR, GR

	
increase

	
Soluble fractions

	
[195]




	
Lotus japonica

	
150 mM

	
Cu,Zn-SOSD, DHAR

	
increase

	
Leaf and root crude extract

	
[198]




	
Oriza sativa cv. Pokkali

	
100 mM

	
CAT

	
decrease

	
Leaf crude extract

	
[181]




	
Oriza sativa cv. 651, cv. 632

	
6 and 12 dS/m

	
SOD, GR, APX

	
increase

	
Leaf crude extract

	
[180]








a cv Puget behaves as salt-tolerant at NaCl concentrations up to 90 mM.
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Table 3. Effect of salt stress on the activity of antioxidant enzymes in different cell compartments from salt-sensitive species.







Table 3. Effect of salt stress on the activity of antioxidant enzymes in different cell compartments from salt-sensitive species.







	
Plant Specie

	
NaCl Treatment

	
Enzyme

	
Response

	
Cell Compartment

	
References






	
Pisum sativum cv. Challis

	
70 mM

	
Mn-SOD

	
decrease

	
Leaf mitochondria

	
[21]




	
Pisum sativum cv. Puget a

	
110 mM

	
Mn-SOD, APX, MDHAR,

	
increase

	
Leaf mitochondria

	
[196]




	

	

	
DHAR

	
decrease

	

	




	
Lycopersicon esculentum L.

	
100 mM

	
Mn-SOD, MDHAR, GR

	
decrease

	
Leaf mitochondria

	
[25]




	

	

	
Mn-SOD, MDHAR

	
decrease

	
Root Mitochondria

	
[26]




	
Pisum sativum cv. Puget

	
110 mM

	
Fe-SOD, Cu,Zn-SOD, APX, DHAR

	
increase

	
Chloroplasts

	
[196]




	

	

	
MDHAR

	
decrease

	

	




	
Triticum durum Desf. cv. Adamello

	
50 mM

	
tAPX

	
increase

	
Chloroplasts

	
[203]




	

	

	
stAPX, stDHAR

	
decrease

	
Chloroplasts

	




	
Pisum sativum cv. Puget

	
70–110 mM

	
Fe-SOD, CuZn-SOD, APX, DHAR

	
increase

	
Chloroplasts

	
[205]




	

	

	
MDHAR

	
decrease

	

	




	
Pisum sativum cv. Challis

	
70 mM

	
CAT

	
decrease

	
Leaf peroxisomes

	
[191]




	
Lycopersicon esculentum L.

	
100 mM

	
SOD, APX, MDHAR, DHAR

	
decrease

	
Root peroxisomes

	
[26]




	
Pisum sativum cv. Lincoln

	
90 mM

	
SOD

	
decrease

	
Leaf apoplast

	
[23]




	
Triticum aestivam L. cv Bezostaya

	
250–500 mM

	
SOD

	
increase

	
Leaf apoplast

	
[206]




	

	

	
POX

	
decrease

	

	




	
Populus popularis cv. 35–44

	
100–250 mM

	
SOD, APX, GR

	
Increase

	
Xylem sap

	
[207]




	
Pisum sativum cv. Challis

	
70 mM

	
CuZn-SOD I

	
decrease

	
Soluble fractions

	
[195]




	

	

	
DHAR

	
increase

	

	




	
Carrizo citrange

	
90 mM

	
SOD, CAT, GR, APX

	
increase

	
Leaf crude extract

	
[80]




	
Arabidopsis thaliana

	
100 mM

	
Cu,Zn-SOD, CAT

	
increase

	
Leaf crude extract

	
[202]




	
Cucumis sativus

	
75 mM

	
APX, DHAR, GR

MDHAR

	
decrease

increase

	
Chloroplast

	
[183]




	
Vitis vinifera

	
100 mM

	
APX

SOD, POX

	
decrease

increase

	
In vitro plants

	
[182]




	
Oryza sativa cv. IR-29

	
100 mM

	
APX, CAT

	
increase

	
Leaf crude extract

	
[181]




	

	
6, 12 dS/m

	
SOD, APX, GR

	
decrease

	
Leaf crude extract

	
[180]








a cv Puget behaves as salt-sensitive at NaCl concentrations over 110 mM.
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