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Abstract

:

Alfalfa (Medicago sativa L.) is an important legume forage crop. However, its genetic improvement for salt tolerance is challenging, as alfalfa’s response to salt stress is genetically and physiologically complex. A review was made to update the knowledge of morphological, physiological, biochemical, and genetic responses of alfalfa plants to salt stress, and to discuss the potential of applying modern plant technologies to enhance alfalfa salt-resistant breeding, including genomic selection, RNA-Seq analysis, and cutting-edge Synchrotron beamlines. It is clear that alfalfa salt tolerance can be better characterized, genes conditioning salt tolerance be identified, and new marker-based tools be developed to accelerate alfalfa breeding for salt tolerance.
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1. Introduction


Alfalfa (Medicago sativa L.) is a perennial forage legume that belongs to the sub-family of Papilionoideae. Though a diploid form exists, cultivated alfalfa is a predominantly cross-pollinated, tetraploid (2n = 4x = 32) species [1], which originated in southwestern Asia with Iran as the geographic center of origin [2,3]. Alfalfa is an important forage source for livestock industries around the world because of its wide adaptability, high yield, good quality, and resistance to frequent cuttings [3,4]. It can be used for pasture, hay, silage, dehydrated products, seed production, and soil improvement [3,4]. Globally, alfalfa is grown on about 30 million ha [5]. In Canada, more than four million ha of alfalfa is produced either in monoculture or in mixture with grasses [6], while approximately seven million ha is grown in the United States [7]. Alfalfa is a moderately saline-tolerant legume [8]. A number of alfalfa cultivars with improved salt tolerance have been developed using conventional breeding approaches [9]. However, the genetic improvement of salt tolerance in alfalfa is challenging, mainly as the response of alfalfa plants to salt stress is physiologically and genetically complex, because salt tolerance is controlled by multiple genes and involves various biochemical and physiological mechanisms [9].



Soil salinity is one of the most influential stressors that limits agricultural production. Saline soil is characterized by an excess concentration of soluble salts (chloride; sulfate; and carbonate of sodium, calcium, magnesium, potassium) in the root zone, making it difficult for plants to extract water and nutrients from the soil and causing plant injury [10]. Specifically, soil with an electrical conductivity (EC) of the saturation extract of more than 4 dS m−1 in the root zone at 25 °C with 15% of exchangeable sodium is considered to be saline [11]. Salinization has long been known as a common environmental phenomenon worldwide [12,13] and is becoming a global issue of land degradation, with more prevalence in arid and semi-arid regions [14] as shown in Figure 1. More than 6% of the world’s total land area is salt-affected, either by salinity (397 million hectares) or by the associated conditions of sodicity (434 million hectares) [15]. For example, salinization has affected the agricultural productivity of more than 10 million ha in the Great Plains of North America [16] with 6 million ha of agricultural land in the Canadian Prairies [17,18]. Due to salt build-up over time, the Food and Agricultural Organization (FAO) has estimated that 0.25–0.50 million ha of irrigated lands are becoming unsuitable for cultivation annually [19]. The development of crop cultivars resistant to soil salinity is one of the most effective strategies for maintaining sustainable crop production.



Understanding the mechanisms conferring salt tolerance and identifying heritable traits for screening for improved salt tolerance are crucial for alfalfa breeding. It is also important to identify and characterize the genes responsible for salt tolerance in alfalfa for the development of molecular markers for precise screening in breeding and genetic improvement. Thus, an attempt is made here to review research on the morphological, physiological, biochemical, and genetic responses of alfalfa plants to salt stress. We also discuss the potential of applying modern technologies to enhance alfalfa salt-resistant breeding, including genomic selection, RNA-Seq analysis, and cutting-edge Synchrotron beamlines.




2. Effect of Salt Stress on Morphology, Growth, Forage Yield and Nutritive Value


Salt stress reduces plant growth by influencing turgor, photosynthesis, and the activity of specific enzymes [21]. The influence can occur in two phases; the first phase is governed by the osmotic effect due to high salt concentration in root zones, whereas the second phase is governed by toxic effects due to high salt accumulation in leaf tissues [22] (Figure 2). The presence of high root zone salt concentration causes higher osmotic pressure in soil solution than in plant cells, reducing the ability of plants to uptake water and essential minerals like potassium and calcium [23]. In severe salt stress, the soil solution becomes hyper-osmotic, causing the root cells to lose water, which results in severe wilting or plant senescence [24]. Osmotic stress initially reduces leaf growth and eventually causes a reduction in shoot development and reproductive growth [25], primarily due to the water deficit in plant tissues [24]. Salt stress induces decreased photosynthetic rate due to osmotic stress-induced partial stomatal closure [25]. Sodium ions absorbed by plant roots, if present at a high concentration in cytosol, can be harmful to the plant [26]. Since sodium and potassium ions are both monovalent cations, they compete for uptake by the plant under fully hydrated saline conditions [27] resulting in a deficiency in potassium, an essential macronutrient required for normal metabolic function [23,28]. Increased concentrations of sodium and chloride ions in the cytoplasm can disrupt cellular processes, causing damage to photosynthetic apparatus as well as the dehydration of cells [25,29]. Therefore, limiting excess amounts of sodium in cytosol and increasing the cellular potassium to sodium ratio are crucial for salt tolerance [30,31]. This means the maintenance of a regular photosynthetic rate and stable K+/Na+ ratio are important traits for salt-tolerant alfalfa cultivars. The development of molecular markers should target the specific traits mentioned above to provide informative markers.



Smith [32] described three different growth stages at which alfalfa plants may be affected by salinity: germination, seedling growth, and mature plant growth. The seed germination and seedling stages of alfalfa are highly sensitive to salt stress [33]. Though many soluble salts exist in the natural environment, the majority of research studies on alfalfa salt tolerance used a NaCl solution, with few studies evaluating the response of alfalfa biomass production under a mixture of different salts [34,35]. Alfalfa seed germination is more susceptible to CaCl2 and NaCl salts and more resistant to KCl [36]. Salt stress can significantly reduce the germination and seed vigor of alfalfa [36,37]. The effect of Na2SO4 solution on alfalfa plants from emergence to maturity was examined and it was found that the relative emergence (%) decreased dramatically at 12.7 dS m−1, with no surviving plants at 30 dS m−1 [38]. In another study, a mixture of CaCl2, NaCl, MgSO4, and Na2SO4 was used to obtain the required EC levels to evaluate alfalfa seedling emergence [16]. In this study, alfalfa seedlings emerged equally under the 1.5 dS m−1 and 8.0 dS m−1 treatments, but the emergence decreased by 3–30% at 15.6 dS m−1, except for a few tolerant cultivars [16]. In the past, many breeding efforts have been targeted to improve the seed germination of alfalfa under salt stress, but the selection for salt tolerance should focus on the whole life cycle of alfalfa rather than focusing on a particular growth stage, as there is no clear correlation between seed germination to post germination performance [39,40].



The shoot growth of alfalfa had been found to be more adversely affected by salinity than root growth [41]. A study on 15 alfalfa populations under salt stress imposed by a mixture of MgSO4, Na2SO4, CaCl2, NaCl, and KCl revealed that root mass per plant at 18.3 dS m−1 and 24.5 dS m−1 EC was reduced by 18% and 49%, while the shoot mass was reduced by 50% and 73%, respectively [35]. The average shoot mass of alfalfa during the first, first + second, and first + second + third cuts decreased by 50%, 44%, and 38% at 8.0 dS m−1 (chloride and sulfate salt solution) and by 80%, 73%, and 67% at 15.6 dS m−1, respectively [16]. Salt stress in alfalfa caused a reduction in the relative growth rate [42,43]. Moderate NaCl salt stress (9 ± 0.2 dS m−1) reduced the plant height, leaf, and stem masses of alfalfa by 32%, 34%, and 35%, respectively [44]. Sibole et al. [45] reported that stem and petiole growth was sensitive to NaCl salt stress in two different salt-tolerant Mediterranean Medicago species. As compared to the salt stress imposed by NaCl, other saline solutions containing Ca2+ and K+ ions not only have less toxic effects on plants, but also they can mitigate the negative effects on a plant under salt stress [46,47].



Though a reduction in growth rate and shoot mass were common, high genetic diversity existed among alfalfa populations under salt stress [16,35,48], suggesting an adequate genetic variation for further selection for improved salt tolerance. Lei et al. [49] compared the performance of seven alfalfa cultivars under NaCl stress and found that the growth rate of salt-tolerant cultivars was less affected by a high salt stress of ~50 dS m−1. However, in another study, no significant variation in both shoot and root biomasses was observed between salt-tolerant and intolerant alfalfa cultivars under NaCl stress [50]. Differences among studies might be because of the genetic backgrounds of the alfalfa, as the studies used different salt-tolerant cultivars.



The forage nutritive value was affected by the salinity and varied among the cultivars [51]. Salt stress up to 20 dS m−1 increased the leaf-to-stem ratio of alfalfa and its crude protein content [52] and reduced acid detergent fiber (ADF) and neutral detergent fiber (NDF) [51,53]. The reduction in stem height may be the main factor causing changes in alfalfa nutritive value, as it increases the leaf-to-stem ratio.




3. Effect of Salt Stress on Physiological Responses in Alfalfa


The mechanisms underlying the ability of alfalfa seedlings to tolerate salt stress are complex processes involving photosynthesis, detoxifying, antioxidant, secondary metabolism, and ion transport [54]. Salinity alters photosynthetic pigments (i.e., chlorophyll content), therefore it reduces the maximum photochemical efficiency of alfalfa genotypes [55,56] and increases the dark respiration rate in alfalfa [43]. Salinity reduces membrane stability, relative water content, and growth rates and increases lipid peroxidation, proline, and hydrogen peroxide (H2O2) contents in the leaf tissue of alfalfa [57]. In fact, studies have shown that an increased level of proline content is associated with improved salt tolerance [41,58]. In addition, effective osmoregulation in salt-tolerant alfalfa cultivars is also associated with increased levels of sucrose and pinitol in leaves and a high accumulation of starch in roots [50]. The pinitol accumulation is a characteristic of halophytic plants growing in a saline environment. Anower et al. [59] characterized the physiological traits of two alfalfa half-sib (HS) families, HS-A and HS-B, selected for improved salt tolerance. Under salt treatment, HS-B showed a greater leaf number (72%) and stem length (44%) and HS-A displayed better leaf production (84%) compared to the unselected initial population. This improved growth was associated with a 208% and 78% greater accumulation of chlorophyll content in HS-B and HS-A, respectively. An increase in protein concentration in salt-tolerant alfalfa cultivars had been reported in previous studies [51,53]; it may be associated with an increase in chlorophyll and enzyme activities in the leaves. It is common for plant breeders to measure the plant vigor and shoot mass to determine the performance of alfalfa under salt stress. However, this analysis could be enhanced by the determination of leaf-to-stem ratio and certain physiological traits such as chlorophyll content and protein concentration.




4. Effect of Salt Stress on Oxidative Stress and Anti-Oxidative Activities


Salinity induces oxidative stress in plants at the sub-cellular level [60]. Salt stress increases the accumulation of superoxide radicals (O2−) and hydrogen peroxide (H2O2) in cell compartments including chloroplast and mitochondria [60]. Therefore, lipid peroxidation and protein oxidation occur in the apoplastic space. An increase in peroxidase (POX) reduces H2O2 to water using various substrates as electron donors in salt-tolerant alfalfa [61,62], suggesting that the analysis of antioxidant enzymes could be useful in understanding the salt tolerance of alfalfa. During seed germination and seedling growth, increased salt stress also increases the activities of superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase activity (APX)—and the increase is higher in salt-tolerant alfalfa cultivars [62,63]. Under salt stress, the unsaturated fatty acids of plant membranes are decomposed to malondialdehyde (MDA), and the rate of lipid peroxidation in terms of MDA can be used as a biochemical indicator to evaluate salt-tolerant cultivars [30,64]. The salt tolerance of alfalfa is also improved by melatonin application, which acts as an antioxidant in scavenging H2O2 and enhances antioxidant enzymes’ activities [65]. Under salt stress, tolerant alfalfa shows less severe cell membrane damage and lower accumulation of reactive oxygen species (ROS) than salt sensitive types [66].




5. Effect of Salt Stress on Ion Uptake in Alfalfa Plants


Under salt stress, about 98% of the ions in soil solutions are excluded from the root in most plants, while the rest are transported to shoot tissues [22]. To prevent tissue ion toxicity, the ion exclusion mechanism can restrict excessive ion transport from root to shoot. The ion exclusion mechanism includes: (1) the minimal uptake of particular toxic ions by the root and maximization of ion efflux to the soil, (2) restricting excessive ion loading into the xylem, (3) increasing the ion retrieval from xylem to other tissues like the root and stem, and (4) increasing the ion transport from shoot to root through the phloem [67]. High concentrations of sodium and chloride ions in leaves generally lead to leaf senescence. However, the tissue tolerance to such a stress is genotype-specific [24]. Tolerance to high concentrations of sodium and chloride ions in leaves can be achieved by the intercellular partitioning of ions, thus avoiding their accumulation in the photosynthetic organelles [25]. For example, salt-tolerant species can sequestrate ions in the cell vacuoles in leaves [25,68]. Thus, the comparison of leaf injury scores under high salt stress can be used as a morphological marker for identifying salt-tolerant genotypes in early phases with similar LD50 values (median lethal dose to kill 50% of population) [33].



Salt stress can lead to nutritional imbalances due to competitive absorption and translocation of elements, which may result in reduced physiological activity [69]. This might in part explain the plant growth reduction and low shoot mass of alfalfa at high salt stress, as discussed in the previous section. The high concentrations of sodium and chloride ions in soil solutions may decrease the calcium, potassium, and magnesium activities in alfalfa [70] and also decrease nitrogen accumulation [71,72]. High salt stress increases the concentrations of sodium, total sulfur, chloride, magnesium, and phosphorus, and decreases the concentrations of potassium and calcium in the shoots of alfalfa genotypes [38]. The maintenance of the K+/Na+ ratio is necessary through Na+ exclusion from the root epidermis, but NaCl-induced K+ efflux from the root causes the deficiency of macronutrients (nitrogen and potassium), reducing plant production and productivity.



Knowledge of the biochemical composition of plant tissues is crucial for salt tolerance studies, as cutting-edge synchrotron-based approaches can help plant scientists to quantify the biochemical compounds and image their structures with minimal sample modifications [73]. The synchrotron is a powerful facility that accelerates charged particles such as electrons in a large ring-like trajectory at relativistic (near-light) speed [73], where the energy of the electron generates light ranging from infrared to soft and hard X-rays at high intensities [74]. In recent years, synchrotron techniques have been employed to study a number of biotic and abiotic stresses, such as the identification of heat-tolerant field pea (Pisum sativum L.) genotypes [75,76], drought tolerance traits in spring wheat (Triticum aestivum L.) [77], and Fusarium head blight tolerance in wheat [78,79]. Synchrotron beamlines were also applied to study the accumulation and distribution of organic compounds and salt ions in leaf, stem, and root tissues of alfalfa cultivars with different salt tolerances [80]. A comprehensive study on ion localization in sub-cellular levels using synchrotron beamlines would provide further insights into salt tolerance in alfalfa.




6. Proteome and Transcriptomic Analyses


Several transcriptome-based and proteome studies have been conducted to understand salinity stress in alfalfa [49,54,66,81,82,83,84,85,86,87]. After a three-day salt treatment, a proteomic study on the roots of two-week-old seedlings found 83 differentially expressed proteins in alfalfa cultivars with contrasting tolerances to salinity (Table 1) [81]. These proteins are involved in ion homeostasis, protein turnover and signaling, protein folding, cell wall components, carbohydrate and energy metabolism, reactive oxygen species (ROS) regulation and detoxification, and purine and fatty acid metabolisms. Proteins such as peroxidase, protein disulfide-isomerase, nicotinamide adenine dinucleotide (NAD) synthetase, and isoflavone reductase were significantly up-regulated in the salt-tolerant alfalfa cultivar “nonomu” [81]. The proteomic analysis of 30-day-old alfalfa seedling roots treated with ~30 dS m−1 NaCl for 8 h found 93 and 30 differentially expressed proteins in salt-tolerant alfalfa (“Zhongmu-1”) and salt-sensitive Medicago truncatula (“Jemalong A17”), respectively (Table 1) [82]. These proteins primarily play roles in molecule binding and catalytic activities. Xiong et al. [54] identified 26 (shoot) and 35 (root) differentially abundant proteins in salt-stressed alfalfa compared to alfalfa that had experienced no salt treatment. Similarly, the proteomic analysis of osmo-primed alfalfa seeds that germinated under salinity stress found they contained 94 proteins with different responses to salt treatments [86]. Based on their functions, the proteins were classified as protein destination and storage (seed storage proteins and small heat-shock proteins), cell growth/division (late embryogenesis abundant proteins and seed maturation proteins), metabolism (methionine synthase, cysteine synthase and haem oxygenase), and disease and defense (glutathione S-transferase).



Transcriptomic approaches have been employed for alfalfa to understand the gene expression associated with salt stress (Table 1) [49,66,83,84,85,87]. Eighty-two unique transcripts were found from the salt-stressed seedlings of alfalfa by sampling at different time intervals from 10 min to 24 h, including 24% that were proteins related to plant metabolism and 9% that were related to abiotic stress [87]. Arshad et al. [88] found that the over-expression of microRNA156 in alfalfa resulted in increased biomass production, stem number, concentration of crude protein, and reduced uptake of Na+ under salt stress. In another transcriptome study, there were 876 and 1303 differentially expressed genes (DEGs) under salt stress in the root tissues of one-week-old seedlings in salt-intolerant and tolerant alfalfa genotypes respectively, with 604 DEGs specific to the salt-tolerant type [83]. Similarly, an RNA-Seq analysis displayed 2237 and 1125 DEGs between “Zhongmu-1” (salt-tolerant) and “Xingjiang Daye” (salt-intolerant) in the presence and absence of salt stress, among which were many genes that are involved in stress-related pathways (Table 1) [49]. After a salt treatment, the number of DEGs in “Xingjiang Daye” (19,373 DEGs) compared with the control treatment was about four times that of “Zhongmu-1” (4833 DEGs). Compared with “Xingjiang Daye”, “Zhongmu-1” maintained a more stable expression of genes related to ROS, calcium pathways, phytohormone biosynthesis, and Na+/K+ transport [49]. The transcriptome responses of salt-tolerant (“211609”) and salt-intolerant (“Xinjiang Daye”) alfalfa cultivars revealed significantly higher expression levels of NHX1, ZFG, CBF4, and HSP23 genes in “211609” than in “Xinjiang Daye” [66]. In addition, a transcriptomic analysis of alfalfa roots under ~25 dS m−1 NaCl identified 8861 NaCl-regulated DEGs in alfalfa [84]. These DEGs were categorized into 13 gene ontology categories: oxidoreductase activity, oxidation-reduction process, structural constituent of cytoskeleton, hydrolase activity, carbohydrate metabolic process, negative regulation of catalytic activity, polysaccharide catabolic process, iron ion binding, transmembrane transporter activity, cytoskeleton, trehalose biosynthetic process, protein polymerization, and ion homeostasis [84]. In previous transcriptomic studies, an individual alfalfa genotype was sampled as a replicate for RNA-Seq analysis. As alfalfa is generally seeded as a synthetic population in a field, it may be more suitable to use a group of genotypes as a replicate for a transcriptomic study. Therefore, 100 alfalfa genotypes were divided into four independent replicates to represent an alfalfa population and researchers found that 50% of DEGs were down-regulated in a salt-intolerant population [85]. The functions of the genes down-regulated in the salt-intolerant alfalfa cultivar were grouped into cell wall structural components, lipids, secondary metabolism, auxin and ethylene hormones, transport, signaling, pathogenesis response, and abiotic stress [85]. The transcriptome analysis identified many annotated sequences homologous to genes involved in osmolyte synthesis (beta-amylase, fructose-1, 6-bisphosphate, aldolase, and sucrose synthase) and ion homeostasis (H+-PPase, cation/H+ exchanger3, Ca-related channel, sodium symporter, nitrate and K+ channels, p translocator, and metal transporters) [49,85,87]. In summary, a large number of candidate genes responsible for salt tolerance in alfalfa have been identified in various studies, and these candidate genes can be used as a baseline for further genetic analyses of salt tolerance in alfalfa. However, it is essential to identify key genes associated with important morphological and physiological traits (i.e., chlorophyll content, sucrose synthase or plant height), and validate them in different alfalfa breeding populations to apply them in salt-tolerant breeding.




7. Breeding for Salt Tolerance


Breeding efforts for salt tolerance in alfalfa have focused on high seed germination under stress to improve stand establishment. There are more than 60 registered alfalfa cultivars with improved salinity tolerance in the USA, representing different fall dormancy categories (Table 2) [89]. The majority of the registered cultivars were selected for salinity tolerance at the germination stage, while only 13 of them were selected for salinity tolerance at mature growth stages. Although certain progresses have been made through conventional plant breeding, the genetic improvement of salt tolerance in alfalfa is low due to several factors. Firstly, alfalfa is polyploidy and outcrossing in nature [90] and genetic studies of its salt tolerance can be complicated and less informative. Secondly, the perennial growth form and low heritability of salt-tolerant traits have further complicated the breeding effort [91]. Thirdly, as previously stated, there is no clear relationship for salt tolerance between the germination stage and post-germination performance [39], indicating a need for a whole life cycle selection from germination to the flowering stage.



A number of studies have evaluated the performance of alfalfa germplasm under salt stress [16,92,93,94]. The genetic variability among nine alfalfa populations in response to sulfate salt revealed a high relative shoot mass of 8 dS m−1 in “Halo” alfalfa, which had a lower seed emergence than that of “Rugged” [16]. Benabderrahim et al. [92] studied the genetic diversity of 36 alfalfa populations from Tunisia using 12 agronomic and physiological traits and identified three salt-tolerant types. Jiang et al. [93] have applied random amplified polymorphic DNA (RAPD) markers and clustered 25 salt-tolerant alfalfa populations into nine clusters, suggesting that salt-tolerant alfalfa germplasm possess a certain genetic diversity which can be utilized in salt-tolerant breeding. Azzam et al. [94] identified a highly salt-tolerant alfalfa population by screening 16 alfalfa populations using RAPD and inter simple sequence repeat markers. Therefore, the available genotypic diversity for salt tolerance in alfalfa provides an opportunity for plant breeders to select and develop superior salt-tolerant cultivars. However, there is still a lack of well-characterized genetic materials and common phenotyping protocols for parental selection. Due to the spatial heterogeneity of soil properties and seasonal variation in rainfall, it is difficult to perform plant screening for salinity tolerance in the field [95]. Thus, early phase screening in controlled environments is a feasible option before testing the advanced lines in the saline field with the use of proper salinity induction.



The success of a breeding program lies in the precise phenotyping of the traits of interest (seed germination, ion transport, osmolyte synthesis, signaling, photosynthesis, and protein synthesis) and correlating them with genes or quantitative trait loci for marker-assisted selection [96]. A comprehensive breeding platform, including high-throughput phenotyping and genotyping, is needed for the efficient improvement of salt tolerance in alfalfa. High-throughput phenotyping contributes directly to the genetic gain by evaluating genetic variation more efficiently. [97]. A hyperspectral imaging platform has the potential for the detection of stress responses as it can capture wavelengths within and beyond the visible spectrum [98]. Hyperspectral cameras detect both spectral and spatial information; each spatially located pixel contains full wavelength (~350–2500 nm) information. Imaging within the visible spectrum (~400–700 nm) can measure the morphological and color properties of plants, while hyperspectral imaging can also study the radiative properties of plant leaves to facilitate the early detection of abiotic stress [98,99]. Hyperspectral imaging has been successfully applied to study the vegetation indices of crops under salt stress [100,101,102]. The physiological reflectance index and normalized difference vegetation index are useful for the early detection of salinity stress in plants [100,101]. Sytar et al. [102] reviewed the application of hyperspectral imaging as a fast and reliable technique for the detection of quantitative and qualitative changes in plants to evaluate plant variation under salt stress.



Several studies have focused on the development of molecular markers associated with salt tolerance in alfalfa at different growth stages [93,94,103,104,105]. The most significant salt tolerance markers during the germination stage were identified on chromosomes 1, 2, and 4, while the marker located on chromosome 6 overlapped with drought resistance [104,106]. During alfalfa seed germination, a broad-sense heritability of the germination rate was observed at 0.60 at 0.5% (~8 dS m−1 NaCl) salt concentration, which decreased to 0.24 at 0.75% (~12 dS m−1 NaCl) and 0.27 at 1.0% (~17 dS m−1 NaCl) [104]. The broad-sense heritability of leaf chlorophyll content increased from 0.22 at 0 dS m−1 to 0.34 at 8 dS m−1 NaCl [105]. As salt-tolerant traits are genetically complex and multi-gene controlled, the development of genome-wide markers might be useful for conducting a genomic selection based on the predictive breeding values of genotypes. Genomic selection can enhance the genetic gain and reduce the breeding cycle when it increases the selection accuracy [107,108]. The trait prediction accuracy remains generally low in current genomic selection models, even with the aid of dense, genome-wide single nucleotide polymorphism (SNP) markers [108]. As demonstrated by Fu et al. [108], salt tolerance-associated SNP markers in alfalfa could be explored to achieve a more accurate trait-specific prediction in genomic selection. This is feasible, as the application of the RNA-Seq technique in alfalfa salinity tolerance studies is relatively common and a large amount of genomic information is already available. With the development of modern breeding techniques, such as high-throughput phenotyping and genotyping-by-sequencing platforms, genomic selection can enhance the salt-tolerant breeding of alfalfa at a reasonable cost.
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Figure 1. Global salt-affected regions and their severity levels (drawn based on Harmonized World Soil Database v. 1.2 [20]). 
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Figure 2. Summary of salt stress tolerance in alfalfa. 
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Table 1. Number of differently expressed genes and proteins and their functions in salt-tolerant and intolerant alfalfa cultivars.
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	Alfalfa Genotype
	Tissue
	Salt Stress
	Total Number of Differentially Expressed Genes/Proteins
	Major Pathway/Function
	Reference





	NM-801 (tolerant), Vernal (intolerant)
	root
	2-week-old seedlings treated with ~5, ~10 dS m−1 NaCl for 3 days
	83
	Ion homeostasis, protein turnover and signaling, protein folding, cell wall components, carbohydrate and energy metabolism, reactive oxygen species regulation and detoxification, and purine and fatty acid metabolism.
	[81]



	Zhongmu-1 (M. sativa, tolerant), Jemalong A17 (M. truncatula, intolerant)
	root
	1-month-old seedlings treated with ~30 dS m−1 NaCl for 8 h
	93 (tolerant)

30 (intolerant)
	Molecule binding and catalytic activity.

Defense against oxidative stress, metabolism, photosynthesis, protein synthesis and processing, and signal transduction.
	[82]



	AZ-88NDC (intolerant), AZ-GERM SALT-II (tolerant)
	root
	1-week-old seedlings treated with ~15 dS m−1 NaCl for 7 days
	288/273 and 468/337 up/down-regulated in intolerant and tolerant, respectively
	Response to stress, kinase activity, hydrolase activity, oxidoreductase activity, and extracellular region.
	[83]



	Zhongmu No. 1 (tolerant)
	root
	12-day-old seedlings treated with ~25 dS m−1 NaCl for 1, 3, 6, 12, 24 h
	8861 at one or more time points
	Iron ion transport, ion homeostasis, antiporter, signal perception, signal transduction, transcriptional regulation, and antioxidative defense.
	[84]



	Zhongmu No. 1 (tolerant)
	root, shoot
	1-week-old seedlings treated with ~10, ~20 dS m−1 NaCl for 7 days
	26 (shoot)

35 (root)
	Photosynthesis (31%) and stress and defense (20%) in the shoot. Defense (26%); metabolism (17%); and protein translation, processing, and degradation (17%) in the root.
	[54]



	CW064027, Bridgeview (tolerant), Rangelander (intolerant)
	shoot
	4th-cut treated with 1.53, 8, 15.6 dS m−1 maintained by sulphate- based sodium, calcium, and magnesium salts
	685/527, 368/139 up/down-regulated in CW064027 and Bridgeview at control,

537/949, 375/1045 up/down-regulated in CW064027 and Bridgeview at 8 dS m−1,

1129/1196, 843/1516 up/down-regulated in CW064027 and Bridgeview at 15.6 dS m−1
	Redox-related genes, B-ZIP transcripts, cell wall structural components, lipids, secondary metabolism, auxin and ethylene hormones, development, transport, signaling, heat shock, proteolysis, pathogenesis-response, abiotic stress, RNA processing, and protein metabolism.
	[85]



	Zhongmu-1 (tolerant), Xingjiang Daye (intolerant)
	leaf
	30-day-old plants treated with ~50 dS m−1 NaCl for 7 days
	1125 and 2237 between cultivars at control and stress, respectively
	Response to stimulus, reactive oxygen species, responding to stress, and response to hormone and other stress-responsive processes.
	[49]










[image: Table] 





Table 2. Salt-tolerant alfalfa cultivars and their fall dormancy (FD) and growth stages (G, germination and/or F, forage production) for salt tolerance (ST) (Source: National Alfalfa & Forage Alliance, [89]).
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	Variety
	FD
	ST
	Variety
	FD
	ST





	Foothold
	2
	G
	GUNNER
	5
	G



	Spredor 5
	2
	G
	MPIII Max Q
	5
	G



	Hi-Gest 360
	3
	G
	RR NemaStar
	5
	G



	LegenDairy XHD
	3
	G
	RR Tonnica
	5
	G



	HVX Tundra II
	3
	G
	WL 365HQ
	5
	G



	LegenDairy AA
	3
	G
	6610N
	6
	G



	RR Presteez
	3
	G
	Cisco II
	6
	G/F



	Rugged
	3
	G
	Hi-Gest 660
	6
	G



	WL 336HQ.RR
	3
	G
	Revolt
	6
	G



	6401N
	4
	G
	RRALF 6R200
	6
	G



	6472A
	4
	G
	WL 454HQ.RR
	6
	G/F



	6497R
	4
	G
	6829R
	7
	G



	AFX 457
	4
	G
	AFX 779
	7
	G



	AFX 469
	4
	G
	AmeriStand 715NT RR
	7
	G/F



	AmeriStand 415NT RR
	4
	G
	Sun Titan
	8
	G



	AmeriStand 427TQ
	4
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