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Abstract

:

Climate change has caused breeders to focus on varieties that are able to grow under unfavorable conditions, such as drought, high and low temperatures, salinity, and other stressors. In recent decades, progress in biotechnology and its related tools has provided opportunities to dissect and decipher the genetic basis of tolerance to various stress conditions. One such approach is the identification of genomic regions that are linked with specific or multiple characteristics. Cereal crops have a key role in supplying the energy required for human and animal populations. However, crop products are dramatically affected by various environmental stresses. Barley (Hordeum vulgare L.) is one of the oldest domesticated crops that is cultivated globally. Research has shown that, compared with other cereals, barley is well adapted to various harsh environmental conditions. There is ample literature regarding these responses to abiotic stressors, as well as the genomic regions associated with the various morpho-physiological and biochemical traits of stress tolerance. This review focuses on (i) identifying the tolerance mechanisms that are important for stable growth and development, and (ii) the applicability of QTL mapping and association analysis in identifying genomic regions linked with stress-tolerance traits, in order to help breeders in marker-assisted selection (MAS) to quickly screen tolerant germplasms in their breeding cycles. Overall, the information presented here will inform and assist future barley breeding programs.
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1. Introduction


Barley (Hordeum vulgare L.) is one of the first domesticated crops in Old World agriculture [1]. This cereal was domesticated from its wild progenitor—H. spontaneum C. Koch––as a result of numerous selection processes by farmers under different environments in the Fertile Crescent region [2]. Both taxa are diploid (2n = 2x = 14) and mostly self-pollinated, without any impediments to their sustainable production [3]. Based on numerous reports and maps [4,5,6], the habitat of the wild progenitor H. spontaneum was distributed in a wide range of geographical areas from Israel and Jordan to South Turkey, Iraq, and Southwestern Iran. The natural habitats of this species have also been noted in Southwestern Asia, Egypt, Greece, Southern Tajikistan, and the Himalayas.



It has been reported that barley is the fourth largest global grain crop, after wheat, rice, and corn. Barley seeds have moderate amounts of protein, phosphorus, and calcium, as well as small amounts of B vitamins [7]. Furthermore, since the carbohydrate content in barley seeds is high, they are commonly used in breads, soups, stews, and other health products [8]. Barley also plays a key role as animal fodder, as barley silage is an important feed for animals, especially ruminants. Indeed, the high fiber and low protein content in silage makes it suitable for extensive cattle production [9]. Barley is categorized into two classes based on the number of rows of flowers in the spike: two-row barley, which has central florets that produce kernels and sterile lateral florets; and six-row barley, which has a spike with three spikelets notched on each side, each notch containing a small individual flower that develops a kernel [8]. Due to its higher sugar content, two-row barley is more commonly used for malt production, while the higher protein content of six-row barley makes it better suited for animal feed. However, Heuze et al. [10] reported that two-row and awnless varieties have higher nutritive quality as forage. The global average of seed production for this cereal was estimated to be ~3.50 ton h−1 in 2019 [11], and the average harvested area is an estimated 504,000 hectares worldwide. According to the Food and Agriculture Organization (FAO), countries such as Kuwait, Belgium, Ireland, Chile, The Netherland, Switzerland, France, the United Kingdom (UK), New Zealand, Germany, and Denmark are ranked as the top 10 countries in terms of barley seed production. Additionally, in 2020, Russia, Australia, Kazakhstan, Turkey, Canada, Spain, Ukraine, Iran, France, and Germany had extensive harvested areas compared with other countries.




2. Quantitative Trait Loci (QTL) and Its Role in Breeding Programs


Quantitative trait loci (QTL) mapping was initially proposed by Sax [12], who found that bean seed size (characteristic) was linked to seed coat color (a simple, monogenic trait). Thoday [13] extended this idea by highlighting that, if segregation of simple inherited monogenes could be used to identify connected QTLs, it should be possible to map and describe all QTLs involved in complicated characteristics. Traits exhibiting quantitative variation were previously explored using statistical analysis of suitable experimental populations based on means, variances, and covariances of relatives, without knowing the number and location of the underlying genes [14]. Such studies examined the distribution of phenotypes in populations, and associations between related individuals or lines. Investigations of morphological and agronomic aspects of maize [15] indicated that certain molecular markers explained a considerable part of the phenotypic variation of quantitative variables.



Plant breeding involves creating or assembling populations or germplasm collections with high genetic diversity, in order to identify individuals with robust or beneficial traits and use those individuals to develop improved cultivars [16]. The majority of important plant breeding qualities (e.g., height, yield, drought tolerance, etc.) are quantitative, also known as continuous, multifactorial, or complex traits. Quantitative traits are based on the combined activity of many genes and their interactions with the environment, and may vary across individuals over a given range to form a continuous distribution of phenotypes [17]. Since Nillson-Ehle [18] and East [19] proposed the multiple-factor theory, it has been considered that the genetic variation of a quantitative trait is controlled by the collective effects of various genes—QTLs [20,21]. As a result, many QTLs control the expression of a single phenotypic feature. Quantitative features increase difficultly for breeders, since performance only represents a portion of an individual’s hereditary values. Hence, since multiple genes or QTLs govern quantitative characteristics, plants with the same phenotype might have distinct alleles at each of these genes or QTLs. Conversely, plants with identical QTL genotypes may have distinct phenotypes when grown in different settings, and the impact of one QTL can be influenced by the plant’s allelic composition at other QTLs. As a result, the genotype cannot be inferred from the phenotype, necessitating the creation of specialized genetic stocks and their cultivation in carefully regulated conditions.



The two main aims of QTL mapping in plants are: to (i) improve our understanding of quantitative trait inheritance and genetic architecture within and between species, and (ii) discover markers that may be utilized as indirect selection tools in breeding [22]. Extensive QTL mapping studies in most commercially significant crops were conducted to identify molecular markers for marker-aided selection [21,23,24]. It is known that a phenotypic trait can be controlled by many independent loci of little effect, or a few genes of large effect. Moreover, beneficial QTL alleles are known to be inherited from parents who have beneficial QTL alleles [25]. Figure 1 shows the general flow of information from collecting phenotypic and genotypic data to QTL and association analyses.




3. Aims of the Review


In recent years, climate change has increased the intensity of abiotic stressors. Consequently, the effects of environmental stresses on cereal production have become increasingly important [26]. Among cereals, barley is adaptable to a wide range of climates. It has been shown that this crop can grow and mature in a shorter time compared with other small cereals. Hence, it has a greater tolerance to various abiotic stresses, especially heat and drought. In this review, we highlight QTL and association analyses related to abiotic stresses in barley, such as drought, salinity, temperature, water logging, and toxicity. This summary will help breeders to identify the important genomic regions linked to tolerance of these stresses in future research and breeding programs.




4. Response of Barley to Abiotic Stresses


Many crops’ yields can be adversely affected by abiotic stressors, particularly in species with limited resilience to unfavorable circumstances such as high and low temperatures, hydric limitation, floods, toxicity from mineral elements, excess salts, and nutritional deficiencies [27]. Generally, stress is a considerable deviation from the ideal growing conditions, causing alterations in all functioning levels that are initially reversible but later become permanent [28]. In order to prevent losses caused by environmental stressors, it is necessary to understand how plants respond to them, and to find a common mechanism of tolerance for a wide range of stress situations [29].



Plant breeders require access to novel genetic variants to develop varieties that can adapt to changing biotic and abiotic stressors, which then leads to new foods that provide nutritional and health advantages that customers desire. As global food consumption continues to grow, compounded by the consequences of climate change, the demand for successful crop breeding has increased. The few genes available to the top crop species has required the use of closely related families of domesticated plant species as a gene supply, with significant improvements in farm output [30]. Barley has been naturally hybridised long back from the wild parent H. spontaneum, and evolved from there. Wild relatives of domesticated barley have an excellent genetic resource for improving tolerance to abiotic stress conditions, such as heating, salt, and drought [31]. These genetic resources are easily crossed with domesticated crops and are widely available for breeding [32,33]. Thus, it fulfills the need for the supply of genes that improve abiotic and biotic stress tolerance in domestically managed barley [34]. With the recent discovery that current cultivars retain only 15–40% of alleles in the gene pools of this crop, the emphasis on using barley genetic resources to enhance tolerance has reemerged [35]. In the following sections, we briefly discuss each abiotic stress, and provide an overview of some relevant genomic regions linked with various agronomic and physiological features in natural and cultivated populations.



4.1. Salinity


An important environmental factor that affects the development of barley plants is salinity, which affects about 800 million hectares throughout the world [36]. Salinity causes significant losses in agricultural productivity, particularly in arid and semi-arid countries, where around 25% of irrigated land is salinized (FAO [37]). Several cations, such as sodium, calcium, magnesium, and anions, including chloride, sulfate, bicarbonate, and carbonate, make up the solute salts that effectively contribute to salinizing the soil [38]. It has been shown that soil salinity can reduce agricultural production by up to 50% in a wide range of economically important crops, including maize, rice, and barley, which are all susceptible to salt stress. Specifically, plants’ cellular metabolism is affected by salinity as a result of osmotic stress [39]. The high concentration of solutes in the soil decreases the hydric and osmotic potential, causing soil to retain more water [40], as well as ionic stress, which can induce ionic toxicity and nutritional imbalance from the high levels of Na+ and Cl− [39,41]. Compared with wheat, barley has a higher tolerance to salt, and a greater capacity to compartmentalize Na+ into vacuoles and thus maintain a high K+/Na+ ratio [42]. Although there are hints of more resistant cultivars, barley is nevertheless considered vulnerable to soil salinity, since it exhibits a gradual decline in growth as the concentration of salts in the environment increases [43].



The reduction in dry mass may represent the metabolic energy expenditure associated with adaptation to salinity and a reduction in carbon gain, which may be explained by the diversion of energy for the functional maintenance of tissues [44]. Since barley is the most salt-tolerant cereal [45], it can be regarded as a plant model species that is beneficial for understanding the complicated processes of salinity tolerance and resource use, which can then be applied towards increasing salinity tolerance of other cereal crops [46]. Although barley is known as a salt-tolerant crop, its growth and production are affected by ionic and osmotic potential in saline soils [47]. Moreover, it is worth noting that tolerance to salinity stress is a complex quantitative trait that is controlled by the interaction between physiological mechanisms and pathways of many genes [48]. Similar to other field crops, this stress negatively affects almost all aspects, i.e., phenology, morphology, physiology, and biochemistry processes, which ultimately reduces its economic value [49,50,51,52]. Figure 2 illustrates the most important effects of this stress on various aspects of plant growth and development.



As a consequence of domestication, selection, and breeding cycles [53], a wider genetic diversity (GD) is needed to reach the reproductive objectives, in order to compensate for the genetic degradation and loss of many alleles—not only in barley, but also in other crop species. The intrinsic ecological flexibility and stability of wild barley in highly varied settings may indicate that this is an excellent genetic resource for increased environmental and biotic stress tolerance in farmed barley [54]. To improve barley salinity tolerance in connection with climate change and genetic deterioration, it is essential to use GD available in the H. spontaneum wild subspecies [55]. When compared with wild emmer (T. turgidum ssp. dicoccoides), wild barley produces higher yields in salt stressed conditions, perhaps due to reduced sodium contents in the shoots [54]. For instance, Ebrahim et al. [55] investigated 47 wild barley accessions and 6 tolerant check cultivars under salinity stress conditions (300 mM NaCl). They found that salinity increased malondialdehyde (MAA) and proline, as well as Na+ and Ca+ in both the roots and the leaves. Moreover, they showed that H. spontaneum genotypes have been less affected by salt than check cultivars (H. vulgare L.). The concentration of Na+ was negatively correlated with the plant lifespan, while the leaf ratio of K+/Na+ was strongly linked with the membrane stability index. Mechanisms of ion exclusion (Na+) are probable in wild barley, resulting in homeostasis of K+/Na+, reduced root and Na+ flare-up, and ultimately a higher survival rate.



It has been shown that a greater level of salt tolerance is associated with an efficient mechanism for selective uptake of K+ over Na+ [56]. The reduction in K+ concentration occurs due to the presence of excessive Na+ in the growth medium. In other words, a high Na+ concentration is known to have an adversary effect on K+ uptake in plants [57,58]. Under salinity stress, this antagonism between the absorption of Na+ and K+ usually occurs at the root surface [59]. Salinity stress affected leaf growth of barley through changes in plasma membrane potential, osmolality, and transpiration [60]. Another consequence of high salinity on growth and development is its negative effect on stomata behavior and photosynthetic activities. Reduction in gas exchange due to photosynthetic processes could result from (i) toxic Na+ and Cl−, that reduce stomatal conductance and photosynthetic electron transport; (ii) reduced absorption and metabolism of carbon; and (iii) oxidative damage in the photosynthesis II apparatus (PSII) [61]. Moreover, salinity stress significantly increases the accumulation of reactive oxygen species (ROS) in plant cells. In turn, ROSs adversely affect chlorophyll membranes and ultimately decrease photosynthesis [62]. In a comparative study between wheat and barley, it was found that barley responded to salinity better than wheat, due to its high photosynthesis rate, chlorophyll content in their leaves, the capacity to alleviate the negative effects of ROS accumulation in cells, and other physiological mechanisms [63]. One of the main differences between barley and other crops is its germination potential and ability to establish seedling under severe salinity conditions. Understanding the genetic basis of seed germination under salt stress may improve barley plant growth, output, and even productivity. Thabet et al. [64] investigated salt stress tolerance in 121 spring barley accessions from across the globe by exposing them to 200 mM NaCl during seed germination and seedling growth. As expected, seed germination parameters and seedling-related traits were drastically lowered when salt stress was induced. Using 9K Single nucleotide polymorphisms (SNPs), a genome-wide association scan (GWAS) discovered numerous intriguing genomic areas (over 1500 potential genes), including 80 significant SNPs linked to the attributes investigated. Many genes encoding potassium channels, such as AKT2, were found on chromosome 1H. In addition, squamosa promoter-binding-like protein 6 at chromosome 5H was revealed to be associated with salinity stress tolerance during seedling developmental phase. The results showed that these genes may have a role in salt tolerance during the early phases of development, implying that early selection might increase salinity tolerance. Functional markers related to tolerance loci might aid in the development of barley cultivars that are more resistant to salt stress.



At the seedling and germination stages, genotypic diversity and separate quantitative trait loci (QTLs) were found to be linked with salt tolerance. This was an important attempt to bridge the genetic gap by focusing on early seedling survival characteristics and seedling vigor indicators in barley following germination under salt stress [65]. Identifying the genetic loci and alleles in existing germplasm is required for breeding efforts aimed at increasing salt tolerance during germination. Using 103 doubled haploid (DH) lines of the CM72/Gairdner population, Mwando et al. [65] applied QTL mapping to explore seedling vigor characteristics; 85 barley germplasms were used to validate the phenotypic response. They found that 150 mM NaCl stress considerably lowered all the observed behavioral characteristics. Several characters, such as seedling vigor index, root length, and root dry weight, showed a lesser decrease in DH populations and diversity barley germplasms compared with those that were exposed to 150 mM NaCl. A total of 6 QTLs consisting of 13 markers on chromosome 1H (3 markers), 3H (8 markers), and 4H (2 markers) were found in the DH population [65]. The regions of high potential for candidate genes were 3 QTLs on 1H and 2 QTLs on 3H with significantly associated markers (BmAC0032, bPb-9418, bPb-4741, bPb-45046, bPb-9624, bPb-3623, bPb-5666, and bPb-6383). On chromosome 3H, a QTL (flanked by markers bPb-4576 and bPb-9624) was associated with multiple salinity survival characteristics. This finding serves as the basis for future studies in selection genetic analysis [65].



Mwando et al. [66] investigated the characteristics of germinating seeds under controlled and salt stress conditions in 350 barley accessions. They found that multiple genes at distinct loci affected salt tolerance during germination and seedling development. This discovery aligns with the findings of Maddur [67] and Mano et al. [68], who also revealed that salt tolerance in barley is governed by separate genetic processes during the germination and seedling stages. Mano and Takeda [69] linked the S gene (rachilla hair length) to a genetic component determining salt tolerance during germination. Short-haired rachilla was shown to be substantially more tolerant of salt than long-haired rachilla in the Steptoe/Morex DH lines. Ullrich et al. [70] also utilized the Steptoe/Morex DH lines to locate the QTL linked with seed dormancy on the long arm of chromosome 5H. In general, detecting significant salt tolerance genes in seedlings or using markers associated with salt tolerance genes may provide accurate and consistent approaches in plant breeding.



Recently, Karahara and Horie [71] have reviewed the advances in QTLs or genetic loci (and their causal genes, if applicable) on salinity tolerance, with a specific focus on the essential functions of roots, such as ion homeostasis mediated by membrane transporters and signaling molecules under salinity stress. Our review focusses on relevant literature for developing barriers against apoplastic ion flow, such as Na+, as well as understanding the roles and components of the barrier structures under salt stress. For example, a set of 149 DH lines produced from a hybrid between Clipper (salt sensitive) and Sahara 3771 (salt resistant) barley genotypes were tested under natural saline-stress and non-stress settings; 14 characteristics were measured to identify the QTLs related with agronomic and physiological variables [72]. The genetic linkage map, which consisted of 517 molecular markers spanning a total of 1502.4 cM, was used to conduct QTL analysis using the composite interval mapping approach. Several traits, including days to heading, relative water content, chlorophyll content, plant height, spike length, days to maturity, biomass, grain yield, harvest index, grain number per spike, 1000-seed weight, Na+ and K+ concentrations, and K+/Na+ ratio were found to have 40 and 38 QTLs in normal and salinity environments, respectively. Most of the QTLs discovered were on chromosome 2H. Individual QTLs explained between 3.3 and 68.6% of the phenotypic variance. Under both environments, a significant QTL around the Vrs1 gene on chromosome 2H was found to be associated with biomass, grain number per spike, 1000-seed weight, plant height, and grain yield [72]. This QTL might be valuable in barley breeding efforts for marker-assisted selection to improve salt tolerance. In addition, QTLs for days to heading, biomass, spike length, grain number per spike, 1000-seed weight, and K+ content were discovered, all of which may be considered potential QTLs for breeding purposes. In another study, a set of 408 diversity arrays technology (DArT) markers were genotyped on 206 barley accessions from across the globe, and salt stress tolerance was assessed using the salinity tolerance score, a reliable characteristic created in prior research. A general linkage model (GLM) and a mixed linkage model (MLM) based on population structure and kinship were used to perform genome wide association analysis (GWAS) for salinity tolerance. In total, 24 significant marker–trait correlations discovered. In all techniques, a QTL on 4H with the closest marker of bPb-9668 was consistently observed [73].



Salinity stress tolerance was investigated in a DH population derived from the salinity resistant genotype CM72 and the salinity sensitive variety Gairdner, during the germination, seedling emergence, and first leaf full expansion development phases [74]. Deionized water and two NaCl treatments (150 mM and 300 mM NaCl) were used in the germination investigation. Three treatments were used to test salt tolerance in seedlings: control, and 150 mM NaCl injected during seedling emergence and the first leaf full expansion development phases. In this study, 12 QTLs on chromosomes 2H–6H were discovered, each accounting for 10–25% of the phenotypic variance. Fresh weight and dry weight per plant in salt stress during the first leaf full expansion development stage, as well as dry weight per plant in salt stress during seedling emergence, were associated with a QTL situated at 176.5 cM on chromosome 3H. On chromosome 2H, a persistent QTL for germination at both concentrations of salinity stress (150 and 300 mM NaCl) was found, although it was far away from the QTL connected to seedling stage salinity stress tolerance. Sayed et al. [75] tested an advanced backcross mapping population of barley in freshly reclaimed soil under two salinity levels of groundwater aquifers. A significant QTL linked with grain-weight-related features and the salt tolerance index (STI), which may be utilized to improve salinity tolerance, were found across the whole barley genome. Furthermore, the simple-sequence repeats (SSR) markers bPb-3739 (4H, 96.3 cM), AF043094A (5H, 156 cM), bPb-8161 (7H, 2.22 cM), and bPb-5260 (7H, 115.6 cM) were the most significant genomic areas pertaining to vernalization, dwarfing, and dehydrin genes, all of which are linked to salinity tolerance. A comparison of the Morex and Barke barley genomes revealed 436,640 InDels. Zhou et al. [76] generated 1140 InDel markers spanning the barley genome at an average genetic distance of 1 cM. A high-resolution melting (HRM) technique was used to genotype 55 InDel markers. The 1140 InDel markers were combined with 383 SSRs, 3909 gene-based SNPs, and 1544 DArT markers into a unified barley genetic map. In total, 6976 molecular markers (SSRs, DArTs, SNPs, and InDels) were combined into a single barley genetic map [76]. Quick map creation and gene fine-mapping will be enabled by HRM genotyping of InDel markers.



In a European winter barley strain, the dynamic response of seedling development to varied degrees of salt stress and PEG6000-mediated osmotic stress was examined with 4885 gene-based SNP markers. A final collection of 56 phenotypic features was subjected to genome-wide association mapping, leading to the discovery of 28 quantitative trait loci (QTL), 10 of which were associated with saline environments and 20 were involved in osmotic stress [77]. More than one growth condition revealed four loci on chromosomes 1H, 5H, and 6H. However, under salt stress, one colocalized QTL was engaged in both root and shoot development. Based on their physical proximity to the QTL peak markers, a collection of prospective candidate genes with putative pleiotropic effects on seedling development under various circumstances is offered. Mwando et al. [66] looked at seed-germination-related parameters in 350 barley accessions under control and salt stress conditions. Marker–trait associations (MTA) and the underlying candidate genes for salt tolerance during germination were discovered with the use of a genome-wide association study that included over 24,000 genetic markers. Across all chromosomes, they found 19 loci containing 52 significant salt-tolerance-associated markers, as well as four genes belonging to four families with functions underpinning the anticipated MTAs.



A population including 187 DH lines derived from a hybrid between TX9425 and Naso Nijo was tested for superoxide anion (O2−) and hydrogen peroxide (H2O2)—two primary ROS species produced during hypoxic stress—to discover the QTL for ROS tolerance in barley [78]. The results demonstrate that measuring ROS concentration after 48 h of hypoxia provides a rapid and accurate way to identify waterlogging-tolerant barley genotypes. Both superoxide (QSO.TxNn.2H) and hydrogen peroxide (QHP.TxNn.2H) were found to have the same QTL on chromosome 2H. This QTL was found in the same location as the QTLs for total waterlogging and salt tolerance described in earlier research, explaining 23% and 24% of the phenotypic variance for O2− and H2O2, respectively. Accordingly, ROS production was shown to be linked to both waterlogging and salt stress tolerance in the study. In a study conducted by Capo-chichi et al. [79], a recombinant inbred line (RIL) population including 185 individuals was subjected to QTL mapping analysis for 12 early seedling vigor (ESV)-related characteristics. A genomic map (1075.1 cM) was created using DArT markers, with an average adjacent-marker distance of 3.28 cM. In total, 46 significant QTLs for ESV-related characteristics were found. Across all chromosomes, 14 QTLs for biomass yield were discovered, 2 of which colocalized with QTLs for grain yield on 1H. The first and second leaf lengths, as well as the dry weight of the second leaf, biomass production, and grain yield, all demonstrated a high heritability (>30%). Meanwhile, grain and biomass yield showed a strong association, providing a clear picture of these qualities in the selection process. Capo-chichi et al. [79] showed that the DArT markers bPb-9280 and bPb-9108 on 1H were linked to a pleiotropic QTL related to the specific leaf area of the second leaf, biomass yield, and grain yield. These could be used to improve seed vigor through marker-assisted selection and facilitate future map-based cloning efforts.



Under control conditions, as well as exposure to 75 mM and 150 mM NaCl, 50 wild barley (Hordeum vulgare ssp. spontaneum, Hsp) introgression lines (ILs) were utilized to find QTL alleles that improved germination and seedling growth. Under salt stress, germination and seedling development features were diverse, and found to be highly heritable [80]. Furthermore, significant differences were found across treatments and for five salinity tolerance indicators. For the 10 phenotypes studied and the tolerance indices, a total of 90 and 35 significant QTL were found, respectively. Hsp introgression alleles were implicated in enhancing salt tolerance in 40 (43.9%) of the 90 QTL studied, including introgression lines S42IL-109 (2H), S42IL-116 (4H), S42IL-132 (6H), S42IL-133 (7H), S42IL-148 (6H), and S42IL-176 (6H) (5H) [75]. Seven unusual QTL alleles, including S42IL-127 (5H), 139 (7H), 125 (5H), 117 (4H), 118 (4H), 121 (4H), and 137 (4H), were effectively verified in wild barley ILs (7H).



Photosynthesis and transpiration are controlled by stomata, and these activities are crucial for plant responses to abiotic stressors such as salt. To find QTLs linked with stomatal and photosynthetic features relevant to salinity tolerance, Liu et al. [81] identified 22 significant QTLs in a population comprising 108 DH lines. These QTLs were found on all chromosomes except 5H, and account for 9.5–17.3% of the phenotypic variance. Under control conditions, QTLs for biomass, intercellular CO2 concentration, transpiration rate, and stomatal conductance colocalized. A QTL for biomass and one for transpiration rate under salinity stress were also found to be colocated. In addition, gas exchange and stomatal pore area were discovered to be linked. A QTL for salt tolerance was found among QTLs for grain yield and biomass on chromosome 3H. The potential genes for salt tolerance at this locus are suggested based on the draft barley genome. Table S1 shows additional details about the identified QTLs for salinity tolerance in barley [82,83,84,85,86,87].




4.2. Drought


The frequency and severity of hydric insufficiency are the most important variables in determining global output limits. Research has shown that this restriction is responsible for 60–70% of the variance in ultimate output. Since it is the most common source of yield losses throughout the world, developing more drought-resistant genotypes is critical for food security [88]. Indeed, drought tolerance is a major goal of breeding programs for semi-arid regions with rainfed conditions [89], as well as other areas with a history of poor water supply. To escape dryness, plants close their stomata, deepen their roots for water absorption, thicken their cell walls, and enhance the waxiness of their cuticles. These traits are genetically determined and vary between cultivars. Thus, the diversity among barley genotypes’ sensitivity to stress can lead to difference in mortality [90,91]. The productivity of barley is determined by genetic potential and environmental factors that interfere with plant function, particularly photosynthesis. The photosynthetic process is dependent on the capture of photosynthetically active radiation and its conversion to chemical energy. This process is impacted by a variety of abiotic and biotic stressors that can diminish leaf area at different phases of the crop’s growth and development [92]. For example, inadequate soil drainage conditions can affect barley yield. Plant tolerance to water scarcity can take several forms, depending on the species, length and intensity of the drought, developmental stage of the plant, organ, and most importantly, its genotype. In a study of the effect of water limitation in barley accessions, Oukarroum et al. [93] found that drought stress had a distinct influence on the cereal’s growth characteristics. Similarly, Cantero et al. [94] confirmed that the quantity of water in the plant decreased throughout the cycle under dry semi-arid environments, and that barley with genotypes for higher productive capacity retained reduced stomatal resistance and showed increased water-retaining potential. Drought stress has a substantial impact on grain production and all yield components, according to the findings of Mahmood et al. [95]. The average rate of grain production loss across years was 8.8–16.3%, while under extreme drought stress, the decrease is expected to reach 49–87% [96]. Figure 3 summarizes some important effects of drought stress on plant growth, as well as some considerable responses of plants to this stress.



Wild barley is a major source of genetic variation, and exploitation of this germplasm has been suggested as a means to increase drought tolerance. Since the root is the first organ to detect and react to water shortages [48], the capacity of plants to endure water shortages is largely determined by their extensive root systems [97]. Strong root system architecture (direction, depth, and branching) results in more contact between roots and soil, which improves water and nutrient absorption and has a direct, positive effect on yield performance [98,99]. Seminal and nodal roots emerge from the embryo and the base of the main stem, respectively, to form a fibrous root system for barley [97]. Nutrient-absorbing root hairs form on the lateral roots (secondary and tertiary roots) that arise from the main roots. The root is the most important organ for stress adaption, anchoring, and resource acquisition. Therefore, studying root system differences and selecting traits for drought tolerance could help to improve future global food security. Siddiqui et al. [100] focused on root system properties and how they interact with shoot architectural elements to cope with water shortages and preserve yield. They also used a microsynteny system to collect root-related drought-sensitive QTL/genes in cereal crops, including interspecies linkages, to simplify comparative genomic analysis. Finally, they offer a strategy for rapidly selecting root features required to generate robust crop types.



Barley has a tremendous genetic variety, owing to its extensive geographical distribution and climatic range. Only recently has this regional landrace and wild accessions diversity been studied using functional genomics [101]. Over the past two decades, many investigations identified QTLs linked with yield and its related features and physiological factors in scarcely cultivated crops under drought stress [33,102,103]. Table S2 lists some of the identified QTLs in different barley populations [33,75,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121]. Marok et al. [101] evaluated the collected data to identify potential genes involved in signaling and protective mechanisms that confer drought tolerance in barley germplasm lines. With this knowledge, wild and landrace barley populations may be improved for drought tolerance by enhancing transcription factor, heat shock or late embryogenesis protein (HSP) allelic variations, proline biosynthesis, or redox regulation [101]. With the capacity of bioinformatics tools and advances in sequencing and mass spectrometry, large-scale trials of genotypes may be planned to evaluate their physiological and biochemical responses to water deprivation while determining the genetic basis of their differences. Using such methods can help breeders find potential loci to improve drought tolerance in barley.



Individual investigations have only found QTLs for water-soluble carbohydrates (WSC) [122]. Utilizing a comparative genomic approach, many QTLs related to drought tolerance in wheat were shown to colocalize with QTLs discovered in barley under drought conditions [123]. QTLs linked with drought tolerance, such as QDT and TxFr.2H, have been identified. Fan et al. [102] discovered the TxFr.5H gene on chromosome 5H, as well as QTLs related to proline content, such as QPCD.TxFr.3H and QPC-S.TxFr.3H, and QTLs for moisture content in barley drought-tolerant plants [102], which might be used for MAS in barley drought tolerance breeding programs. Drought tolerance without restricting yield potential is a major problem, and QTLs for stress-related characteristics that coincide with QTLs for productive potential should be prioritized when developing new cultivars [124]. Approximately 50 research studies have documented the complex genetic basis of drought tolerance and related characteristics in cereal crops using QTL approaches. In total, around 800 QTLs/MTAs (MTA) have been reported in these investigations. The QTLs are equally scattered on almost all chromosomes, most of which are physiologically characterized QTLs/MTAs (about 429), with agricultural (318) and root-architecture-related features (23) for cereal cultivations. Major QTLs (with 20% phenotypic variance) and stable QTLs (detected in more than 50% of settings) were among those detected [125].



Under drought conditions, stay-green (SG) is a very important feature. Gous et al. [126] used a DH population to discover QTL related to SG expression. Their study phenotyped the spikes (S), flag leaf (FL), and first leaf beneath the flag leaf (FL-1) visually, and by using single-photon avalanche diode measurements. The plant’s green leaf area was assessed visually by comparing the S and FL green areas. Composite interval mapping identified 10 SG QTL on chromosomes 3H, 4H, 5H, 6H, and 7H, 6 of which were linked to heat stress and 4 to water stress. Although these QTL were not colocated with previously described barley stress-response QTL, some SG QTL were mapped near previously described chromosomal locations. For example, two heat-stress QTL mapped to bPb-5529 on 5H, next to QTL for root length and root-to-shoot ratio. The identification of SG QTL in barley cultivated under heat and water stress conditions allows for high-throughput screening for these characteristics. In a study of 72 DH lines and a sensitive variety, Fan et al. [102] found two QTL for drought tolerance (leaf wilting) and one for salinity tolerance (plant survival). In three independent experiments, the QTL on 2H for drought tolerance explained 42% of the phenotypic variation. The drought tolerance QTL on 5H was less affected by agronomic traits and can be used in breeding programs. The draft barley genome sequence indicated that a candidate gene for this QTL was located on 5H. To investigate the relationships between DArTseq and SNP markers, as well as key physiological parameters associated with plant responses to drought, Wojcik-Jagła et al. [104] employed 109 spring barley genotypes with high or poor drought tolerance. Drought tolerance in four-leaf seedlings was phenotyped under controlled settings (growth chambers). There were 58 novel connections discovered, including 34 new markers (16 DArTseq and 18 SNP markers). Three of the markers yielded findings that were similar to those reported in a previous conventional biparental QTL mapping analysis. The greatest number of significant MTAs were found in the areas around markers on linkage group 2H. Additionally, five markers associated with photosystem II photosynthetic activity (PSII) were discovered on chromosome 4H. The sequences next to DArT markers on linkage group 6H had the fewest number of connections. In both biparental QTL and association studies, a chromosome 3H region associated with water usage efficiency and net photosynthetic rate may be especially useful, since these metrics correlate with plants’ capacity to stay highly productive under water deficiency stress. Abed and Belzile [105] used a GWAS analysis to identify SNP–trait relationships and potentially elucidate the complex genetic architecture of seven essential spring barley attributes. They revealed significant connections, some of which were shared with the single-SNP strategy. Their findings explained higher phenotypic variation (R2), which better suited the genetic model [Bayesian information criterion (BIC)]. The cumulative R2 and BIC of the single-SNP and haplotype-based techniques were comparable to the multi-SNP approach, with the haplotype-based approach improving. Despite low overlap, each strategy revealed previously verified QTLs, indicating that each approach may identify a distinct group of QTLs. A combined single-locus and multilocus GWAS technique may increase the ability to find significant QTLs and offer a more comprehensive picture of the genetic architecture of complex characteristics in barley.



Another study used a 9 K SNP chip to genotype 183 spring barley gene bank accessions from 23 countries to discover MTAs and candidate genes influencing agronomic and seed-associated attributes during post-anthesis drought stress [106]. The results of GWAS identified 97 significant MTAs related to kernel number and kernel weight per spike. Mora et al. (2016) discovered SNP markers related to 15 complex traits in a breeding population of barley assessed under differing water availability conditions in central Chile’s Mediterranean climate. Given the significant segregation distortion of markers, a QTL mapping mixed model was utilized to account for the genetic relatedness between genotypes. In rain-fed environments, 57 QTL were found, accounting for 5–22% of the phenotypic variance. In full irrigation, 84 SNPs were related with various characteristics, explaining 5–35% of the phenotypic variance. Most QTLs were found on chromosomes 2H and 3H; 12 of the 15 characteristics assessed had environment-specific genetic regions. Most QTL–trait relationships were environment- and trait-specific, although several were significant and persistent. Full irrigation revealed a significant genomic area on chromosome 1H that accounted for between 27% (SNP2711-234) and 35% (SNP1923-265) of the behavioral variance. In both rain-fed and irrigated conditions, the locus 1923-265 was discovered for grain yield, accounting for 9% and 18%, respectively. In spring barley, the drought-adaptive QTLs were located around dehydrin genes (Dhn4, Dhn7, Dhn8, and Dhn9) and aquaporins (e.g., HvPIP1;5, HvPIP2;7, and HvTIP2;1)—genes that are implicated in dehydration tolerance [107]. The relevance of QTL hotspots for seedling growth is shown by the colocalization of well-known key genes for barley development and flowering time. The role of HvPpd-H1 in the formation of the root system was discovered using association analysis [108]. Root QTL colocalization with HERK2, HvARF04, HvEXPB1, PIN5, PIN7, PME5, and WOX5 suggest further explorations of the functions of these genes in barley. As a result, the genes HvHOX2, HsfA2b, HvHAK2, and Dhn9, which are known to be implicated in the abiotic stress response, were found within stress-specific QTL areas and will be validated in the future [108].



Pham et al. [109] evaluated a nested association mapping population called HEB-25, which consists of 1420 BC1S3 lines developed by crossing 25 different wild barley accessions to the elite barley cultivar “Barke” under both the control and the drought-stressed conditions. Best linear unbiased estimators (BLUEs) for each trait were developed and utilized in the GWAS analysis. Many of the 14 quantitative trait loci (QTL) discovered had known inflorescence and developmental genes as colocalizers. The yield of cereal crops is determined by kernel weight (KW) and kernel number per unit area. To find loci regulating KW, Zhou et al. [127] employed two barley RIL populations, including Baudin/AWCS276 (BA) and Morex/AWCS276 (MA) with a common parent. A linkage map was provided for BA. In this population, many large effect QTLs influencing KW were discovered. The genotyping by sequence (GBS) data of 201 RILs from this group was used to create a linkage map with 5273 makers forming 1454 clusters. Each cluster was represented by a single marker, and the linkage map created with these markers has a total length of 1022.4 cM, with an average distance between loci of around 0.7 cM. Three of the large-effect loci influencing KW found in the BA population (found on 2HL, 6HL, and 7HL) were also found in the MA population under different environmental conditions. Moualeu-Ngangue et al. [110] measured morphological and physiological responses to drought stress in a group of 209 spring barley genotypes, and used a GWAS study to determine QTL and allele contributions for each of the variables studied. Almost all characteristics showed substantial water deficiency effects, and 37 phenotypic variables showed significant genotype × treatment (GT) interactions. During the vegetative stage experiment, GWAS found 77 significant loci related to 16 phenotypic variables, and a total of 85 significant loci were associated with 13 phenotypic traits during the generative stage trial [110]. For 17 phenotypic features, more than 110 loci for GT interaction were discovered, accounting for more than half of the genetic variation in several instances. Among the spring barley accessions, the genetic regulation of the nodal–root architectural and anatomical response to water deficiency was examined by Oyiga et al. [128]. The architectural and anatomical nodal–root response to water deprivation was linked to 11 QTL intervals in a GWAS analysis. Three and four QTL intervals, respectively, exhibited substantial impacts across seasons, and on root architectural and anatomical features. A total of 44 epistatically interacting SNP sites were discovered during a genome-wide epistasis analysis. Further research revealed that these QTL intervals include significant candidate genes, such as ZIFL2, MATE, and PPIB, whose activities have been linked to plant root adaptation responses to water shortage.



Moreover, a set of polymorphic SSR markers were used to discover MTAs 48 barley accessions. The MLM discovered a total of 12 significant MTAs. Importantly, the marker ABC252, on chromosome 2H, was shown to be associated with days to heading and 1000-kernal weight (KW), while the marker Bmag273 on chromosome 7H was found to be associated with spike length [111]. In multienvironmental experiments in Egypt, Sayed et al. [75] analyzed a mapping population of 298 doubled haploid lines. The results of composite interval mapping identified 35 QTLs. A significant QTL bPb-9110 (140.3 cM on 3H) was discovered to be related with the heading date. Furthermore, marker bPb-1213 on 1H was also linked to the heading date, as well as grain yield. This research also showed that the presence of unusual alleles in the gene HvFT4 (2H, 66 cM) had a substantial influence on the heading date. This gene was shown to be 24.9 cM from the photoperiod Ppd-H1 gene, and both genes play an important role in controlling flowering time in barley. It has been reported that Tibetan wild barley has a high level of genetic diversity and stress tolerance. A GWAS analysis has been carried out in both hydroponic and pot trials to find QTLs for drought tolerance utilizing 777 DArT markers and morphological and physiological features in 166 Tibetan wild barley accessions [112]. Wide genotypic diversity was reported for various variables, and population structure and kinship analyses revealed three subpopulations among the investigated accessions. Drought-tolerance-related traits, such as ATPase activity, antioxidant enzyme activities, MDA content, soluble protein content, and potassium concentration, were linked with 91 DArT markers. Water usage efficiency (WUE) is an important feature in drought conditions, since it indicates biomass output under low water circumstances. Experiments on 156 barley genotypes were carried out in greenhouse pots to determine WUE and other water consumption parameters, such as dry weight, fresh weight, total leaf water, and leaf water content [129]. The observed data were utilized for GWAS analysis, resulting in the discovery of 14 MTAs corresponding to 4 quantitative trait loci (QTL). Four MTAs related to WUE were found on chromosome 4H [129].




4.3. Temperature


Inadequate temperature is another environmental issue that has a detrimental impact on crops, especially when combined with another stressor, such as water scarcity. Indeed, water scarcity and heat are two of the most significant abiotic stressors limiting crop growth and production across the world [91]. As shown in sorghum [130], wheat, and barley [131], the combined impacts of heat and drought on yield are more detrimental than the effects of each stress separately [132]. Thermal factors influence a wide range of plant life activities, from seed germination and seedling emergence via soil temperature to vegetative growth and development of the entire plant via soil and air temperatures [133]. High temperatures can cause changes in cell membrane function, affecting metabolic pathways such as respiration and photosynthesis. This environmental component can alter the physicochemical characteristics of thylakoids, impairing electron transport, causing ionic imbalance, and causing ROSs. High temperature stress can affect the amount of carbon molecules produced by photosynthesis in plants with the C3 cycle, such as barley, which exhibits apparent photorespiration. Lower assimilate production tends to limit their allocation in seeds, resulting in thinner seeds with fewer stores intended for embryo development restart. Furthermore, it causes a high incidence of seedlings with poor development, which in the field increases the chance of creating a dominant plant within the population [134]. Detailed information regarding the effects of both high- and low-temperature stresses on plants is presented in Figure 4.



According to Brestic and Ivak [135], an increase in temperature to 37 °C may result in decreased stomatal conductance. Leaf photosynthesis, being the most heat-sensitive metabolic activity, has been shown to be disrupted by high temperatures [136]. Thermal stress on the plant photosynthetic system primarily affects the PSII and Rubisco’s carbon fixation [137,138]. Furthermore, chlorophyll fluorescence has been discovered to be a valid physiological measure for assessing damage to the photosynthetic machinery caused by heat stress [34]. The maximum quantum yield of PSII photochemistry (Fv/Fm) has long been used as a criterion for selecting heat-tolerant genotypes in plants. High temperature during the grain-filling stage, according to Gupta et al. [139], reduces photosynthetic ability, chlorophyll content, and grain production in wheat genotypes. Proline accumulation is an important adaptive response in crops exposed to high temperatures [140]. It is involved in cellular osmoregulation and protection of cellular structures against increased temperatures through cell water balance conservation and stabilization of biological membranes. The response of H. vulgare ssp. spontaneum genotypes to terminal heat stress was assessed by Bahrami et al. [141] using gas-exchange parameters, photosystem efficiency, proline buildup, cell membrane leakage, and grain yield characteristics. They reported that the adapted wild genotypes showed physiological mechanisms capable of retaining their production capacity and plasticity flow across time, which might be used to introduce heat tolerance by crossing with cultivated barley.



In this section, we highlight some important studies that reported the key QTLs and genes related to cold tolerance in barley (Table S3) [126,142,143,144,145,146,147,148,149,150]. The “Nure × Tremois” mapping population (NT) linkage map demonstrated the benefits of having numerous informative markers for linkage map development. Marker order and distance are preserved compared with published maps. The NT population is segregating for both vernalization need and low-temperature tolerance, while the “Dicktoo × Morex” population is segregating for photoperiod sensitivity and low-temperature tolerance [151]. These QTLs determined low-temperature tolerance, vernalization response (reaction to vernalization), and heading date on chromosome 5H. The location of cold-regulated genes (COR) relative to these QTLs, as well as the QTLs responsible for COR protein accumulation and the location of the representative CBF loci relative to these winter hardiness-related traits, were also determined [152]. The vernalization response QTL is found in the Triticeae region Vrn-1/Fr1, which is also the location of QTLs for all parameters of low-temperature tolerance [152]. Based on this research, COR14b and TMC-Ap3 are two distinct COR proteins that were found using composite interval mapping. The corresponding candidate gene is HvCBF4 or another member of the CBF locus grouped in this area. A CBF protein might interact with a CRT/DRE recognition site in the promoter of cor14b. In addition, Saade et al. [153] listed the important QTLs for low-temperature tolerance that have been discovered so far, such as FR-H1 and FR-H2. Although our understanding of barley’s reactions to abiotic stimuli is limited, the genetic diversity seen in farmed barley and its near wild relatives might be used to increase stress tolerance.



The results reported by Guerra et al. [142] illustrate the potential of allele mining on exome sequencing data obtained from over 400 barley accessions using case studies of frost tolerance and vernalization requirements. New deletions in VRN-first-H1’s intron were discovered and associated with a lower vernalization requirement, while the allelic diversity of HvCBF2a, HvCBF4b, and HvCBF14 was studied using a combination of SNP and read count analysis. HvCBF2 gene paralogs and copy number variations, as well as the HvCBF4b-HvCBF2a section, have been identified using this method. An MLM model revealed that HvCBF14, rather than HvCBF4b-HvCBF2a copy number variation, is more important in influencing frost tolerance in barley.



Low-temperature tolerance (LTT) and vernalization sensitivity are important features for barley seedling establishment, growth, and development. For facultative types, sensitivity to short-day photoperiod is a desirable trait. Munoz-Amatriain et al. [143] used a GWAS analysis with a panel of 882 barley accessions and a 9K SNP chip to map QTLs and identify candidate genes to obtain a better understanding of the genetics of these characteristics under cold stress conditions. For LTT, 15 loci were discovered, including five known and 10 new QTL/genes, which were evaluated as winter survival in 10 field tests and mapped using a GWAS meta-analysis. Furthermore, it was demonstrated that LTT is caused by the genes FR-H1, FR-H2, and FR-H3; candidate genes for FR-H3 were discovered. VRN-H1, VRN-H2, and PPD-H1 were the main factors of vernalization sensitivity.




4.4. Waterlogging


The bulk of grain-producing species’ growing fields have soils with a good draining status. However, flooding due to higher rainfall volumes may be one of the most common natural disasters in terms of adverse crop-growing circumstances. The sluggish diffusion of oxygen via the water may cause a reduction in oxygen availability for the roots, which may impair plant development in many vegetal species [91]. The lack of oxygen caused by floods may affect physiologic characteristics, such as carbon assimilation, macronutrient absorption, and root respiration metabolism [154]. Soil flooding causes a decrease in seed production and damages the chemical composition, physical, and physiological integrity of plants [155]. Changes in the radicular system and a decrease in photo-assimilated translocation, as well as a decrease in plant metabolic activity [156], result in a decrease in chlorophyll content, and can interfere with the efficiency and conversion of luminous radiation to chemical energy [157]. Yordanova and Popova [158] discovered a significant decrease in photosynthetic activity of the 1,5-bisphosphate carboxylase/oxygenase (RuBPCO) in barley plants that had been subjected to soil flooding.



As a consequence of waterlogging stress, oxidative stress may occur in cells and tissues. Increased production of ROSs is one of the plant’s responses to oxygen deprivation [51,159,160]. These ROSs are able to oxidize and break down biological components, such as lipids, proteins, carbohydrates, and nucleic acids, as well as affect enzymatic function [161]. ROS may be created by a variety of processes in plant roots under oxygen-limited circumstances, including plasma membrane (PM) NADPH, mitochondrial malfunction, and metal ion buildup [162]. Under O2 deprivation, increased iron and copper activity (together with other transition metals) in ionic and catalytically active chelated forms is commonly thought to be a key cause of the ROS burst through the conversion of H2O2 to very hazardous HO [162]. ROSs generated in oxygen-depleted environments also play an important part in plants’ developmental and adaptive responses to waterlogging stress as signaling molecules. ROS generation by PM NADPH oxidase and/or mitochondria seems to govern plant adaptation responses under oxygen-limited circumstances, according to a large body of evidence [78,163]. Unbalanced ROS production, on the other hand, may harm cellular components and cause them to malfunction. As a result of the detrimental effect of ROS overproduction in living tissues, the capacity of plants to generate antioxidant enzymes is often connected with vulnerability to environmental stressors, such as waterlogging [164]. Moreover, waterlogging causes anaerobic conditions in the root zone of plants. Climate change is increasing the occurrence of waterlogging, causing significant agricultural losses. Aerenchyma development, energy metabolism, and phytohormone signaling are all responses to waterlogging stress, as waterlogging affects biomass, photosynthesis, adventitious root growth, and aerenchyma formation [165] (Figure 5).



Tong et al. [165] examined how waterlogging affects physiological and genetic pathways in four important grain crops. They also presented the state of knowledge on waterlogging tolerance mechanisms, genes, and QTL linked with waterlogging tolerance, as well as traditional and contemporary breeding approaches. Aerenchyma production under waterlogging stress is one of the most efficient strategies to overcome stress-induced hypoxia. Aerenchyma and radial O2 loss (ROL) barriers are examples of survival strategies of plants adapted to flooding stress. To protect plants against waterlogging stress, Jia et al. [166] studied the effect of phytohormones such as ethylene and ERF-VII transcription factors. Based on sequence similarity, ERF-VIIs from major crops and many other ERF-VIIs involved in plant flood tolerance were gathered and examined. Water supply impacts barley more than other crops, resulting in loss of output from 40 to 79% based on genotype, stages of growth, and duration of water supply [167]. One significant mechanism for water logging is the development of adventitious roots (ARs), as they help water and the absorption of nutrients under hypoxic stress [168]. Barley genotypes have significantly higher root porosity and faster development of aerenchyma in adventitious roots when exposed to water [169]. Luan et al. [170] reviewed seven different genotype barley physiological and morpho-anatomical responses to waterlogging stress. Slight reductions in plant height and SPAD (soil/plant development analysis), tillers, and shoot and root biomasses were observed in the tolerant varieties compared to sensitive varieties. The number of adventitious roots of tolerant genotypes was likewise much greater than in sensitive genotypes under water stress. Because of the greater ethylene content, lower ABA level, and less O2 buildup, the leaves of the waterlogging resistant cultivars exhibited larger intercellular gaps and better integrated chloroplast membrane structures [170].



The impact of waterlogging timing and duration on yield is uncertain. To examine this, Liu et al. [171] used a variety of waterlogging treatments on barley genotypes with varying waterlogging tolerances. One experiment included four waterlogging treatments: ZS 12.5 for 1 or 2 months (WL1 and WL2), ZS 15 for 2 months (WL3), and 1 day before travelling for 15 days (WL4). Another experiment comprised only WL2 treatment. The reduction in the number of spikes per m2 and kernels per spike lowered the yield by 35% in W1 and by 52% in WL3. This was attributable to WL4’s influence on spikelet fertility and grain filling. The waterlogging susceptible cultivar showed the highest delays (1–8 ZS), whereas waterlogging resistant genotypes capable of aerenchyma production showed the least delays (0–4 ZS). Early phenological waterlogging prevented 23% yield loss in genotypes with aerenchyma development QTL. Waterlogging in late developmental stages lowered average final grain production by 70%.



Similar to studies on other abiotic stresses, there are many genetic studies on the discovery of genomic regions associated with waterlogging tolerance (Table S4) [78,172,173,174,175,176,177,178]. Waterlogging tolerance has been linked to a number of QTLs based on agronomic, physiological, and anatomical features. Several features such as plant height [179], grain yield [180], plant survival [181], leaf chlorosis [87], and plant biomass [182] under waterlogging stress have been used to conduct QTL analysis for waterlogging tolerance in barley. Since these QTLs have been found on all seven chromosomes, their practical use has been limited. Furthermore, the majority of this research has relied on quantitative traits, which might change across contexts. For example, a QTL discovered in one environment may not be detected in another [183]. Gill et al. [78] evaluated 187 barley DH lines under waterlogging and salinity stresses. They provided the first report of a large QTL mapping of waterlogging tolerance for both O2 and H2O2 based on ROS accumulation on chromosome 2H. The QTL for ROS was found in the same location as the QTLs for waterlogging and salinity tolerance. Using this characteristic as a physiological marker, the one QTL discovered permits precision mapping of the gene responsible for waterlogging and salinity tolerance. The presence of QTL for many abiotic stressors at this location on chromosome 2H suggests a particular mechanism for various stress tolerances, such as waterlogging and salt tolerance.



Li et al. [172] created a composite map using SSRs, RFLP, and DArT markers to discover QTLs linked with waterlogging tolerance in barley. Twenty QTLs for waterlogging tolerance were discovered in two barley DH populations. Several of these QTLs were verified by cross-season replication or population colocation. Qwt4-1, for example, contributed to both lowering barley leaf chlorosis and boosting plant biomass under waterlogging stress, whereas other QTLs regulated both leaf chlorosis and plant survival. Comparatively, improving waterlogging tolerance in barley is still in its infancy. Using the identified QTLs along with conventional field selection, waterlogging tolerance in barley can be improved. In addition, there may be a homoeologous link between QTLs influencing waterlogging tolerance in barley and in other crops [172]. Under waterlogging conditions, Mano et al. [184] used a panel of 110 individuals of an F2 population to investigate QTLs affecting adventitious root development (ARF) on the soil surface. ARF QTLs were found on chromosomes 1H, 3H, and 7H. These genomic regions were similar to those identified in a teosinte population (Zea mays ssp. huehuetenangensis). Broughton et al. [174] used a DH population to study the adventitious root porosity (gas-filled volume per unit root volume). On chromosome 4H, a single QTL for root porosity explained 35.7% of the phenotypic variance in aerated and oxygen-deficient environments, close to EBmac0701. When the population was screened in an earlier independent soil waterlogging experiment, this QTL contributed to waterlogging tolerance. Indeed, this QTL is syntenic with the Qaer1.02-3 QTL in maize and the Sub1A-1 gene in rice, both of which are involved in aerenchyma development.



The capacity of plants to retain extremely negative membrane potential (MP) is related to their tolerance to both salt and waterlogging stress. However, few efforts have been made to discover QTL underlying this feature. The plasma membrane potential of epidermal root cells from 150 DH lines was measured using noninvasive microelectrode ion flux measurements (MIFEs) technique by Gill et al. [185].



A significant MP QTL was found in hypoxia-exposed epidermal root cells. This QTL was found on 2H, among the QTLs for waterlogging and salinity tolerance. Furthermore, it has been revealed that MP has a key role in waterlogging and salinity tolerance. The fact that MP is regulated by a single main QTL shows the efficiency of single-cell phenotyping, and paves the way for fine mapping this QTL for better marker-aided selection [185].



In a comprehensive study, Zhang et al. [177] analyzed 632 QTL for drought, salinity, and waterlogging tolerance in barley. Only 195 significant QTL were utilized for meta-analysis to refine QTL locations for MAS. On the barley physical map, the meta-analysis highlighted significant QTL for drought, salinity, and waterlogging tolerance from multiple mapping populations. The meta-QTL (MQTL) locations were then utilized to identify candidate genes for drought, salinity, and waterlogging tolerance. For example, MQTL3H.4 and MQTL6H.2 regulate drought tolerance in barley. In addition, the salinity tolerance QTLs HvNax4 and HvNax3 were verified on MQTL1H.4 and MQTL7H.2, respectively. MQTL2H.1 and MQTL5H.3 were also targeted for enhancing salt tolerance in barley. MQTL4H.4 is the primary area that determines waterlogging tolerance in barley, including fine-mapped QTL for aerenchyma development. Hence, finding and refining MQTLs and candidate genes is critical for future MAS breeding success. Borrego-Benjumea et al. [176] genotyped 247 global spring barley genotypes using 35926 SNP markers. Biomass, spikes per plant, grains per plant, kernel weight per plant, height of plant, and chlorophyll content all showed significant phenotypic variation in the test barley panel. A GWAS for waterlogging tolerance revealed 17 genomic areas with 51 significant waterlogging tolerance-associated markers, accounting for 5.8–11.5% of the phenotypic variance; most QTL were located on chromosomes 1H, 2H, 4H, and 5H. Six new QTL were discovered, and eight candidate genes for abiotic stress responses were found near QTL for waterlogging tolerance.




4.5. Toxicity


Heavy metals are known to be naturally dispersed across the globe, but they are also introduced into the environment via human activities, such as mining, farming, sewage waste disposal, and industrial sludge [186,187]. This is a worldwide issue that must be addressed. All heavy metals are potentially hazardous, with varying degrees of toxicity depending on their biologic availability and the susceptibility of organisms exposed to the heavy metal. Lead (Pb) is an example of a heavy metal that is a well-known quickly accumulating contaminant in soils and sediments [188]. Pb is regarded as a serious toxin, and agricultural yield suffers significantly in Pb-contaminated soils. Chlorosis, decreased growth, blackening of the root system, disturbances in mineral nutrition and water balance, changes in hormone status, and effects on the structure and permeability of membranes are all toxic consequences of lead on plants [188]. Moreover, researchers are increasingly focusing on the combined impacts of metals on plants. For example, copper (Cu) was shown to have an antagonistic impact when combined with other divalent metals, such as Cd, Ni, and Pb. Many plants have been harmed in recent years as a result of increased contamination of the ground by heavy metals, prompting researchers to become interested in soil improvement, as well as the development and usage of resistant variants. The majority of key agricultural qualities, such as yield, grain quality, and tolerance, as well as tolerance to biotic and abiotic pressures in nature, are qualitatively complex traits. Lwalaba et al. [189] investigated the combined toxicity of cobalt (Co) and Cu on two barley genotypes with different degrees of Co tolerance. This toxicity reduced mineral uptake (Mn, Zn, and K), resulting in a significant reduction in plant growth and an increase in oxidative stress (ROS and MDA), while concurrently boosting the capacity to scavenge active oxygen species (AOS). This process is shown by enhanced glutathione (GSH), oxidized GSH (GSSG) and phytochelatin (PC) levels, as well as the related gene expression (HvPCS1 and HvGR1) [189]. Figure 6 shows how this stress alters plant growth.



Barley production is also limited in major agricultural areas across the world due to soil acidity and aluminum toxicity. Aluminum (Al) toxicity prevents root cell division and elongation, lowering water and nutrient absorption as well as grain yield [190]. In Brazil, hazardous amounts of Al are found in more than half of the agricultural regions, and this feature limits barley production. As a result, some amount of genetic tolerance to hazardous levels of Al is critical for barley production in Brazil and other acidic soil locations. Cadmium (Cd) has been shown to decrease chlorophyll concentration, change nitrogen metabolism, and inhibit the photosynthetic system in plants [191]. Leaf chlorosis is the most visible indication of Cd poisoning in plants, and when the period of treatment and/or the Cd content increases, the shift from leaf chlorosis to necrosis occurs [192]. Extrusion across the plasma membrane, chelation in the cytoplasm, and vacuolar sequestration are only some of the strategies that plants have developed to adapt to Cd-contaminated environments [193]. The efflux pumping of Cd at the plasma membrane is mediated by transporters with heavy metal binding domains, such as pleiotropic drug tolerance-type ATP binding (ABC) protein (PDR9) and multi-antimicrobial extrusion protein (MatE) [194]. The tonoplast-based heavy-metal-transporting ATPase 3 (HMA3) aids in the sequestration of Cd into vacuoles [195]. Zn transporters such as Zrt (zinc-regulated transporter)/IRT-like protein 1 (ZIP) and the cation efflux family (cation efflux) proteins have also been shown to transport Cd ions [196,197].



In general, multiple QTLs underlie these qualities, which are heavily impacted by the plants’ environment as well as the genes linked to heavy metal tolerance [188]. Table S5 includes a list of useful QTLs linked with heavy metal toxicity tolerance in barley [1,197,198,199,200,201,202]. Cadmium’s (Cd) high toxicity and easy absorption by plants has become a serious agricultural issue. Finding the gene(s) responsible for Cd accumulation/tolerance is critical for generating low-Cd agricultural cultivars. Derakhshani et al. [197] used the phenotypically polymorphic Oregon Wolfe Barley (OWB) mapping population to explore the genetic architecture and genetic control of Cd tolerance in barley. They identified one minor and one significant QTL on chromosomes 2H and 6H, respectively, after analyzing the Cd tolerance of 87 double haploid lines at the seedling stage. The significant QTL explained 47.24% of the phenotypic variation for chlorosis and 38.59% of the phenotypic variance for necrosis characteristics. Moreover, 16 Cd-tolerance-related candidate genes were discovered by combining the data from the identified QTLs with RNA-Seq analysis; 9 of these genes were metal ion transporters. Wang et al. [1] created a DH population from a cross between Suyinmai 2 (Cd-sensitive) and Weisuobuzhi (Cd-tolerant) to map QTLs. They measured chlorophyll content, developmental characteristics, metal concentration, and antioxidant enzyme activity in DH population lines and parents under control and Cd stress. A single QTL, qShCd7H, on chromosome 7H was connected to shoot Cd content, explaining 17% of the phenotypic variance. Gene silencing was employed to isolate, clone, and characterize the candidate gene. The identification of qShCd7H led to the discovery of a new gene, HvPAA1. A sequence comparison revealed that HvPAA1 has seven N-glycosylation domains.



The amount of vital nutrients and chemically equivalent hazardous analogues accumulating in cereal grains has a significant influence on crop nutritional quality and safety. Introgression lines (ILs) may be used to take advantage of naturally existing genetic variation in order to create superior varieties. A collection of 54 ILs of the wild ancestor H. vulgare ssp. spontaneum in the cultivated variety (cv. Scarlett) were studied using multi-element analysis on vegetative leaves, senesced flag leaves, and mature grains. Plants were grown on anthropogenically heavy-metal-contaminated soil acquired from an agricultural area, enabling the simultaneous identification of QTLs for the accumulation of critical nutrients and harmful trace elements in barley [202]. Reuscher et al. [202] found 25, 16, and 5 QTLs for the micronutrients Fe and Zn, and interfering toxin Cd, respectively. They linked QTL to candidate genes based on similarity to known metal homeostasis genes in Arabidopsis and rice by evaluating the gene content of the introgressions. Cu and Fe, rather than Cd, were remobilized preferentially from the flag leaf to growing grains, according to global comparative assessments. Grain micronutrient filling is a controlled and nutrient-specific mechanism that differs from vegetative micronutrient homoeostasis [202]. Wu et al. [198] also used genome-wide association mapping to look for Cd accumulation in different plant organs. They reported a high degree of genotypic heterogeneity in Cd content in all organs. Moreover, their results indicated a strong link between solution shoot Cd and soil culture, as well as between shoot Cd and grain Cd, but no link between root Cd and grain Cd. They also identified nine QTLs for root Cd, 21 for shoot Cd, 14 for root-to-shoot translocation, and 15 for grain Cd. On chromosome 5H, a shared QTL for shoot Cd and root-to-shoot translocation was discovered at 132.6 cM. On chromosomes 2H and 5H, two significant QTL for grain Cd were discovered. Hence, future cloning of potential genes for Cd accumulation and breeding low-Cd barley cultivars will be aided by the genetic diversity in Cd accumulation and key QTLs discovered in different studies.



Increased ion (manganese and iron) toxicity caused by changes in the soil redox potential under hypoxic conditions causes waterlogging stress, which disrupts plant metabolism. In a recent study, Huang et al. [199] discovered a link between tolerance to Mn2+ toxicity and waterlogging stress in barley, suggesting that enhancing Mn2+ toxicity tolerance might also improve waterlogging tolerance. Based on chlorophyll content and plant survival as selection criteria, a DH population was utilized to find QTL underlying tolerance to Mn2+ toxicity. At the seedling stage, this population had four significant QTL for plant survival under Mn2+ stress (QSur.yf.1H, QSur.yf.3H, QSur.yf.4H, and QSur.yf.6H). On chromosomes 3H and 6H, two significant QTL governing leaf chlorosis under Mn2+ stress were discovered near QSur.yf.3H and QSur.yf.6H. The main QTL, QSur.yf.3H, which was found at the marker Bmag0013, was responsible for 21% of the phenotypic variance. Soil elemental toxicity is also a result of floods. Excess water causes a gradual drop in soil redox potential, raising the concentration of Mn2+, which may be hazardous to plants if it exceeds a certain level. Using barley as a case study, this research intended to assess the proportional contribution of Mn2+ toxicity to waterlogging stress tolerance [175]. Twenty barley genotypes with varying levels of waterlogging stress tolerance were tested in the root rhizosphere for their capacity to deal with toxic (1 mM) quantities of Mn2+. Most waterlogging-tolerant genotypes (TX9425, Yerong, CPI-71284-48, and CM72) maintained chlorophyll content above 60% of the control value under Mn2+ toxicity, while sensitive genotypes (Franklin and Naso Nijo) exhibited 35% less chlorophyll than 35% of controls. Manganese content in leaves was not associated with visual Mn2+ poisoning symptoms, indicating that alternative Mn2+ tolerance mechanisms, such as avoidance (instead of tissue tolerance), may act in different tolerant genotypes [175]. The overall considerable (r = 0.60) connection between Mn2+ toxicity tolerance and waterlogging in barley showed that, at least in this species, plant breeding for waterlogging tolerance characteristics might be aided by targeting pathways involved in Mn2+ toxicity tolerance. Koochakpour et al. [200] used a spring barley population including 148 genotypes for whole genome association mapping under Mn stress. They used a mixed linear model (MLM with K + Q) to examine marker–phenotypic trait associations. In both non-stress and stress conditions, 39 significant MTAs were found. These markers were located on chromosomes 1H–5H. Many of the related markers were found in QTL-rich areas. Three important markers were found on chromosomes 3H and 5H, linked to MSL and awn length (AL), suggesting that these two traits are controlled by the same genetic regions. The findings showed that Mn tolerance was quantitatively inherited, and the identified QTLs might be useful for marker-assisted selection and gene discovery in barley.



Acid soil is a major issue in agricultural development across the globe. Toxic Al cations reduce root development and impairs yield in acidic soil. Although an acid soil tolerance gene has been discovered, it has not been exploited in malting barley breeding, since this gene has been connected to poor malting quality features [203]. Br2, a Brazilian malting barley variety, has been shown to be tolerant to acidic soil. Bian et al. [203] created a DH population from a hybrid between Br2 and the acid-sensitive Australian cultivar Hamelin. The DH population was genotyped using SSR, DArT, and gene-specific markers, and evaluated for acid soil tolerance in native acid soil and a hydroponic system with pH 4.2, pH 4.2 + Al, or pH 6.5. For all factors relevant to acid soil tolerance, a single QTL was discovered on chromosome 4H near the HvMATE gene. The HvMATE gene sequence alignment revealed 13 INDELs and 87 SNPs, each of which coded for a single amino acid variation between the 2 types. To identify the single nucleotide variation between Hamelin and Br2, a gene-specific marker was created. It was found that this marker cosegregated with aluminum tolerance, and accounted for 79% of the phenotypic variation in acid soil tolerance. In the study conducted by Navakoda et al. [201], a DH mapping population was used to investigate how Al tolerance is passed on in barley. A genetic map was built using genic markers and used to map QTL. Several QTLs for Al tolerance were discovered on chromosomes 2H, 3H, and 4H. In order to find probable candidate genes for Al tolerance, a sequence homology search was carried out to determine the likely function of the genes associated with the QTL. Some of these possibilities, in particular stress signal transduction, transcription regulatory factors, and cell metabolism, have been linked to stress/defense responses.





5. Conclusions


Finding the genomic areas associated with different attributes in barley under abiotic stress has helped to identify a region within the QTLs where the probable underlying candidate genes could be located. QTL mapping and association analyses are important genetic tools to identify and understand the relationships between stress tolerance and other agronomic and physiological characteristics, which may then be used in breeding programs for gene cloning and the development of stress-tolerant cultivars in barley. Among the various biotechnology tools, GWAS analysis has been efficiently utilized to discover novel genomic regions associated with different traits in crops, as it detects well the statistical correlation between phenotypic and genotypic data within natural populations. Overall, the information presented in this review improves the knowledge about the effects of various abiotic stresses on different aspects of growth and development in barley, as well as the genomic regions associated with stress tolerance and other agro-morphological and biochemical features in early and whole plant stages. Moreover, this review highlights the use of molecular markers in the MAS approach to barley breeding programs to improve tolerance to various abiotic stresses.
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Figure 1. The flow of information from different steps for QTL or association analysis from collecting data to statistical analysis. 
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Figure 2. Effect of high salt concentration on various aspects of plant growth and developmental stages. 
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Figure 3. Schematic of the information flow of drought stress on various mechanisms of plant growth and developmental phases, and responses of plants to this environmental stress. 






Figure 3. Schematic of the information flow of drought stress on various mechanisms of plant growth and developmental phases, and responses of plants to this environmental stress.



[image: Applsci 12 05189 g003]







[image: Applsci 12 05189 g004 550] 





Figure 4. The effects of high- and low-temperature stress on the growth and productivity of plants. 
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Figure 5. Important effects of waterlogging stress, and plants’ responses to it. 
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Figure 6. Heavy metal stress and its effects on plants. 
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