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    Stress tolerance is a continuing issue for researchers and professionals seeking to increase crop productivity. In the research field of plant science, stress physiology is an intensive topic for researchers, and tons of publications are reported per year to get increasing knowledge about stress tolerance when facing global climate change. In the meantime, the emerging knowledge of plant stress physiology should be applied to the practice of agriculture for sustainable agriculture as well as food security globally. Importantly, there is a high demand for the integration of current knowledge of plant stress physiology. Moreover, a systematic summary of methods in plant stress management also needs to be refined.




    This book, “Molecular and Physiological Insights into Plant Stress Tolerance and Applications in Agriculture,” collects the most recent original research and literature reviews for unraveling the physiology of plant stress tolerance. Divided into 21 chapters, it provides in-depth coverage of the recent advances by exploring the unique features of stress tolerance mechanisms, which are essential for better understanding and improving plant response, growth, and development under stress conditions, in particular by exploring knowledge that focuses on the application of plant growth regulators, advanced biotechnologies, high-throughput technologies, multi-omics, bioinformatics, systems biology, and artificial intelligence as well as beneficial microorganisms on the alleviation of plant stress.




    The mechanisms covered in this book include the perception of stress, signal transduction, and the production of chemicals and proteins associated with the stress response. The book also offers critical knowledge of the gene networks involved in stress tolerance and how they are used in plant stress tolerance development. Modern genetic studies and useful breeding methods are also covered. It also presents the current challenges and further perspectives. Therefore, this book might largely benefit breeding programs as well as sustainable agricultural production in the future.




    The editor, Prof. Jen-Tsung Chen has done an excellent job of bringing together specialists from diverse fields to present the most comprehensive view of current research findings and their implications for plant stress tolerance physiology. Therefore, this book, "Molecular and Physiological Insights into Plant Stress Tolerance and Applications in Agriculture," is an essential resource for academics and professionals working in agronomy, plant science, and horticulture. It is an essential resource for both novices and specialists. It can also be utilized as a resource for courses at the university level for students and Ph.D. students interested in the physiology of plant stress tolerance. I recommend it without reservation!




    

      Christophe Hano


      University of Orleans


      France
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    This book is an edited collection of a series of chapters presented by experts in the cross-disciplinary research fields of plant physiology, plant stress, agronomy, agriculture, horticulture, microbiology, molecular biology, multi-omics, plant pathology, and environmental science. To ensure its broad sources of knowledge and transparency, over one thousand invitations were sent by email to experts all over the world together with the announcement of a call for papers in the ResearchGate which attracted over seven hundred “reads” and twenty-five “followers” for about half a year of posting, more than thirty groups express their interest in contributing chapters to this book after two months of communication. The content of the chapters was finished after four to five months of preparation and eventually, twenty-one of them were accepted for publication. So, I would like to thank all the contributors to this book for their time and effort in organizing valuable chapters.




    This book consists of five major subtopics, including 1) the fundamental theory of molecular biology and plant stress physiology; 2) microbial dynamics within the rhizosphere of plants and the use of plant growth-promoting bacteria in the improvement of growth and productivity of crops; 3) morphological and physiological responses of plants and the underlying molecular mechanisms under abiotic stress particularly salt, heat and drought, and importantly, several chapters pay their attention to systematic describe molecular aspects of salt tolerance in plants; 4) the current applications of biotechnology and the benefits to sustainable agriculture; 5) the techniques for improving tolerance to biotic stress such as the use of endophytic bacteria.




    The contents of this book could enrich our understanding of molecular and physiological mechanisms in plant abiotic and biotic stresses and their interactions. It collects the recent advances through refining the knowledge systematically from a large amount of literature of more than two thousand and five hundred publications and organizes thirty-seven figures and thirty-five comprehensive tables to attract readers. This book could be a critical reference and suitable textbook for researchers, students, teachers, growers, and experts in a broad range of fields such as plant science, agronomy, and agriculture. It contributes to the significant progress in expanding our knowledge in the field of plant stress physiology and the contents benefit in obtaining stress-tolerant crops; enhancing their quality and productivity; and eventually, supporting the sustainability of agriculture and the global food supply.




    This book has been divided into two parts. In part I, the emerging knowledge on plant abiotic/environmental stress tolerance was included, which covers stressors including temperature, salt, and drought and their combinations. When faced with global climate change, these abiotic stresses can be worse chiefly due to a rise in temperature. Firstly, the fundamental theory, methods, and applications of stress mitigation technology have been refined in this book. It provides an in-depth discussion on salt stress response and its mitigation strategies, particularly, several chapters focus on recent achievements in significant crops such as sugar beet and rice. In addition, temperature and drought stresses were systematically reviewed and the authors give perspective for the future directions. Part I of this book aims to support the goals of SDGs (Sustainable Development Goals), particularly achieving zero hunger through enhancing agricultural production.




    

      Jen-Tsung Chen


      Department of Life Sciences


      National University of Kaohsiung
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      Abstract




      Rice is a short-day plant, and its heading date (Hd)/flowering time is one of the important agronomic traits for realizing the maximum yield with high nutrition. Theoretically, flowering initiates with the transition from the vegetative stage to shoot apical meristems (SAMs), and it is regulated by endogenous and environmental signals. Under favorable environmental conditions, flowering is triggered with the synthesis of mobile signal florigen in leaves and then translocated to the shoot for activation of cell differentiation-associated genes. In rice, the genetic pathway of flowering comprises OsGI–Hd1–Hd3a, which is an ortholog of the Arabidopsis GI–CO–FT pathway, and the Ehd1-Hd3a pathway. Climate change could affect photoperiod and temperature, which in turn influences heading date and crop yield. In low temperatures and long-day conditions, the expression of the HD3a gene analogous to FT in Arabidopsis deceased, which delays flowering. Similarly, during drought, expression of the Ehd1 gene is suppressed, resulting in a late-flowering phenotype in rice. Drought affects pollen fertility and reduction in grain yield by reducing male fertility, which affects male meiosis during reproduction, microspore development, and anther dehiscence. In this research field, substantial progress has been made to manipulate flowering-related genes to combat abiotic stresses. Here, we summarize the roles of a few genes in improving the flowering traits of rice.
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      1. INTRODUCTION




      Rice is an important staple food crop, consumed by more than 50% of the population in world. Rice is grown in puddled conditions in general, however, recently, aerobic rice cultivation has been gaining importance in saving water. Drought is one of the most severe forms of abiotic stress affecting plants, due to global climate change. Due to the high requirement for water, the rice crop is severely affected during drought conditions. Drought negatively affects plant growth and grain quality due to hindrances in the physiological and metabolic processes, including respiration, photosynthesis, stomatal opening-closing, etc. The Rice plant takes around 3-6 months to grow and consists of vegetative, reproductive, and ripening stages. The reproductive stages in rice begin with booting, which leads to a bulging of the leaf, the stem that conceals the developing panicle, followed by the emergence of the stem that continues to grow. Flowering or heading in rice begins when the panicle is fully grown [1, 2]. Drought affects rice growth at almost every stage, most severe at flowering, followed by booting and grain-filling stages. Drought affects spikelet fertility at the panicle initiation stage, resulting in low grain yield [3, 4]. Another crucial environmental factor affecting plant growth and reproduction is extreme temperatures, leading to a significant decrease in crop yield. An increase in temperature induces floret sterility in rice due to another indehiscence by interfering with pollen grains swelling [1, 2]. Similarly, cold stress in the range of 15–19°C, significantly affects the reproductive stage and reduces rice yield. The reduced temperature at the heading stage in rice causes improper development of microspore, which produces infertile pollen grains, resulting in high spikelet sterility and low nutritional quality grains [3].




      Being sessile, plants have evolved many stress adaptation and escape mechanisms. Arabidopsis has evolved a drought escape (DE) mechanism by shortening its life cycle to avoid drought [5]. However, when rice is exposed to water-deficit conditions, it can trigger early flowering and reduced tiller numbers or delay in flowering, depending upon drought severity [5]. Reduction in tissue water status during drought stress triggers various signaling molecules such as calcium influx from the extracellular matrix to cytosol, inositol-1, 4, 5-triphosphate (IP3), abscisic acid (ABA), cyclic adenosine diphosphate ribose (cADPR), nitric oxide, etc. Secretion of these signaling molecules alters diverse signaling pathways, which play a critical role in determining the flowering and productivity. The environmental cues and these signaling molecules are perceived by a diverse family of receptors, which activate or suppress a cascade of signaling events. Upon perception, receptor-ligand interactions trigger the activation of kinases which affect the expression of diverse transcription factors such as HD-zip/bZIP, AP2/ERF, NAC, MYB, WRKY, and other genes [6-10]. The cell fate-determining factors play an important role in flower initiation and transition mechanisms. The mitogen-activated protein kinases (MAPKs), proline (pro), late embryogenesis abundant (LEA), glycine betaine (GB), soluble sugar (SS), proteins and aquaporin (AQP) are upregulated during drought, which favors plant survival in harsh conditions [11]. To develop a climate-resilient rice crop, which can withstand adverse abiotic stresses, it is important to understand the plant responses to environmental factors. Efforts have been made to understand the molecular mechanisms involved in flowering, and attempts have been made to design climate-resilient crops.




      

        1.1. Receptor for Light and Temperature




        To adapt to climatic conditions, plants have evolved different photoreceptors such as cryptochrome (CRY), phytochrome (Phy), and phototropin (PHOT) for sensing light which regulates photoperiod (day length). Cryptochromes are flavin-containing photoreceptors that interact with a DNA repair enzyme photolyase, which gets oxidized and activated by blue and UV-A light, leading to the formation of a semiquinone intermediate that can efficiently absorb green (500– 600 nm) light. In rice, two cryptochrome genes are present: OsCRY1a and OsCRY2 (formerly known as OsCRY1b), which promote rice flowering time [12, 13]. Mutations in these genes inhibit coleoptile and leaf elongation upon blue light irradiation [12]. OsCRY1a and OsCRY1b inhibit rice seedling development by physically interacting with Constitutively Photomorphogenic 1 (COP1) protein that inhibits coleoptile development and leaf elongation [12, 14]. COP1 encodes RING-finger E3 ubiquitin ligase and interacts with the Suppressor of phyA-105 (SPA) to degrade CONSTANS (CO), a central regulator of flowering. CO expression is indirectly regulated by the degradation of GIGANTEA (GI) [15]. Phototropins have two flavin binding domains at the N-terminal and a serine/threonine kinase domain at the C-terminal end. PHOT1 and PHOT2 regulate phototropism and stomatal movement in plants. Phytochromes are the best-known blue-green pigment receptors, ranging from PhyA to PhyC, which sense different wavelengths of light from red to far-red. These are cytoplasmic, dimeric, serine/threonine kinases activated in response to red light by absorbing 560 nm wavelength converting inactive Pr (Red) form to active Pfr (far-red) form and Pfr to Pr by absorbing far-red light of ~730 nm wavelength. The inactive form of Pr is present in cytosol as it converts to the active Pfr form translocated to the nucleus, where it interacts with multiple partners to influence the expression of many target genes involved in photomorphogenesis [12]. Phytochromes play a critical role in the process of anthesis, influencing the heading date and overall growth of rice plants. Double mutants of phyA and phyB show defects in pollen development and anthesis [14]. Phytochromes also play an important role in flowering by regulating the expression of Hd3a in rice via Hd1. Hd1, in turn, is regulated at the post-translational level by PhyB [16]. PhyB also acts as a thermosensor, and its direct interaction with the promoter region of key target genes in a temperature-dependent fashion has been reported. Phytochromes are involved in the convergence of light and temperature in regulating photomorphogenesis [16].




        Phytochromes interact with the basic helix-loop-helix (bHLH) group of transcription factors, i.e., Phytochrome Interacting Factors (PIFs), for maintai- ning the skotomorphogenic state (development of seedlings in the dark) of plants in dark condition. Phytochromes are activated upon exposure to light and interact with PIFs, leading to phosphorylation, ubiquitination, and proteasome-mediated degradation, which results in photomorphogenic development [14]. PIFs interact with the promoter of circadian genes to regulate day-length determinants [17]. The phytochrome-interacting factor-like genes (OsPIL11 to OsPIL16) have been identified, and the OsPIL1/OsPIL13 provides drought stress tolerance by influencing cell wall-related genes. Expression of OsPIL1/ OsPIL3 leads to reduced internode elongation and enables them to grow under shade from neighboring plants [18]. The role of PIL15 has been identified in grain development, which negatively affects cytokinin transport which is essential for cell division during the grain-filling stage. OsPIL15 binds to the N1-box (CACGCG) motifs, present in the OsPUP7 promoter of the purine permease gene, which can transport caffeine, a CK derivative. Overexpression of OsPIL15 in rice endosperm leads to small grain size, and CRISPR-Cas9 mutant lines showed an increase in grain size due to reduced expression of OsPUP7. The reduced levels of PUP7 interfere with cytokinin transport from other parts of the plants to the grain [19].


      




      

        1.2. Reproduction and Maintenance of Shoot Apical Meristem




        Rice spikelet consists of two pairs of lemmas and rudimentary glumes, leaf-like structures, and a single fertile flower that comprises a palea, a lemma, one pistil, two lodicules, and six stamens Fig (1). Seed production and inflorescence architecture in rice are primarily determined by spikelet morphogenesis [20]. Plant development initiates from the fertilization of egg cells with sperm nuclei to form a zygote, and majorly includes embryogenesis, vegetative, and reproduction phase. During the embryogenesis stage, the zygote divides without any morphogenetic event for plant development. The mature rice embryo is composed of scutellum, coleoptile, epiblast, radicle and shoot apical meristem (SAM). After seed germination, SAM develops above-ground parts of the plant by providing a perpetual supply of cells [21]. SAM is regulated in rice by a feedback loop of WUSCHEL-RELATED HOMEOBOX4 (WOX4), FLORAL ORGAN NUMBER-1 (FON1), and FLORAL ORGAN NUMBER-2 (FON2). FON1 and FON2 are closely related to the CLAVATA1 (CLV1) and CLAVATA3 (CLV3) of Arabidopsis involved in the transition between the shoot and inflorescence meristem [14]. FON-2, like CLE 1,2 (CLAVATA3/Endosperm surrounding region-related protein- FCP1, FCP2), is analogous to WUSCHEL and CLAVATA in Arabidopsis. The co-silencing of FCP1 and FCP2 in rice increases the meristem activity, suggesting its role as a negative regulator of meristem maintenance. In contrast, silencing of WOX4 leads to a reduction in SAM size, showing small abnormal shoots with yellow-colored leaves. The function of WOX4 is reported to play a role in cytokinin accumulation in SAM [22]. Mutations in Shoot Organization (SHO1, SHO2), small RNA SHOOTLESS 2 (SHL2), and a homolog of Arabidopsis DICER like-4, AGO7, and RNA dependent RNA polymerase 6 (RdRP) caused severe SAM inhibition [13, 23]. MicroRNAs also showed an important role in phase transition in SAM; Osa-miR156 binds to SQUAMOSA PROMOTER BINDING PROTEIN LIKE (SPL), which in turn affects the expression of MADS-box genes and leads to the transition of the vegetative stage into reproductive stage [24]. In delayed heading date (dh), mutant upregulation of miRNA-OsMIR171c, target GRAS (GAI-RGA-SCR), and other plant-specific transcription factors (OsHAM1, OsHAM2, OsHAM3, and OsHAM4) resulted in prolonged vegetative stage along with other phenotypic defects. These dh mutants also showed up-regulation of Osa-miR156, which suppressed expression of the flowering integrators Hd3a and RFT1 [24].
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Fig. (1))


        Schematic representation of floral parts of rice and the genes involved in shoot apical meristem maintenance. A. Different parts of a flower in a panicle. B. Genes involved in the regulation of Shoot Apical Meristem (SAM). orange arrow -negative regulator and blue arrow - positive regulator of SAM.

      




      

        1.3. Molecular Mechanisms of Flowering




        Flowering in plants is controlled by environmental and endogenous signals. The transition of the reproductive stage from the vegetative stage is one of the critical developmental steps in plants. Based on the day length duration perceived, plants are categorized into three major classes: long-day (LD), short-day (SD), and day-neutral. Rice is a short-day plant, and flowering time is controlled by a complex network of multiple genes [25]. The effect of vernalization has no influence on flowering in rice [26]. However, photoperiod is the most important environmental factor for flowering signaling. The Rice Indeterminate 1 (RID1), encodes a transcription factor Cys-2/His-2-type zinc finger and acts as a master regulator in the transition from SAM to the flowering stage. The rid-1 mutant showed a never flowering phenotype, by reducing the expression of florigen, Hd3a, and Ehd1 genes under SD and LD conditions [27]. The expression of Hd1 and Ghd7 was reduced in rid-1 plants, showing partial regulation of both genes by RID1. However, expression of flowering repressor RICE CENTRORADIALIS 1(RCN 1), an important gene in the transition from SAM to the flowering stage, was not influenced in rid-1 plants, showing both of them functioning independently [27].




        Flowering in rice is regulated by two pathways, one involving Hd1-Hd3a and another evolutionarily unique pathway is mediated by Ehd1, with no orthologs in Arabidopsis, under both SD and LD by modulating expression of the rice florigen genes Hd3a and Rice Flowering Locus-T1 (RFT1). The day length is perceived by leaves which induces the expression of florigens, Hd3a, and RFT1. Further, these florigen proteins move from leaves to SAM via the plant vascular system and initiate the onset of flowering Fig (2) [28, 29]. In SAM, Hd3a interacts with floral differentiation 1 (FD1), a bZIP transcription factor via intracellular receptor 14-3-3, and acts as a bridge in the formation of the florigen activation complex (FAC). Formation of FAC complexes comprising Hd3a-OsFD1-14-3-3 in SAM activates transcription of the target genes APETALA (AP1)/FRUITFULL (FUL)-like genes OsMADS14, OsMADS15 and OsMADS18, which are involved in flowering initiation [30]. Suppression of these genes with RNAi showed a delay in floral transition. These MADS genes function in SAM, along with PANICLE PHYTOMER2 (PAP2) from the SEPALLATA subfamily. The quadrupole mutant displayed continuous development of the leaf, instead of inflorescence meristem [31].




        Expression of Heading date (Hd3a) is responsive in short-day conditions, and it decreases strikingly under day length longer than 13.5 h. During short-day conditions (SDs), Hd1 acts as a key regulator in promoting flowering by regulating the expression of Hd3a and inhibiting under long-day conditions (LDs). The expression of Hd1 is regulated by OsGIGANTEA (GI), a key component for perceiving the circadian clock and light signals. GI regulates the expression of the OsMADS51 gene involved in lemma differentiation and regulates the expression of EHD1, Hd3a, and OsMADS14 [32]. Unlike Arabidopsis, a mutation in OsGI, does not affect the expression of genes involved in primary metabolite and maintains higher photo-assimilates. However, phenylpropanoid metabolite pathway genes were altered consistently [33]. HD1 is activated upon phosphorylation by Heading Date Repressor 1 (HDR1), a flowering repressor [34]. This leads to the upregulation of HD1 and downregulation of Hd3a and RFT1 under LD, suggesting a role of Hd1 in regulating flowering time via the photoperiodic pathway. Ehd1 mediates another evolutionary unique pathway in rice flowering as its orthologue is not present in Arabidopsis. Ehd1 promotes flowering in rice under both SD and LD by promoting the rice florigen genes Hd3a and RFT1 [29, 34]. Flowering under long-day conditions is regulated by Days to Heading on chromosome 2 (DTH2), which influences the expression of Hd3a and RFT1 more independently than Ehd1 [35].
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Fig. (2))


        Pathways showing genes involved in flowering under long-day (LD) and short-day (SD) conditions. The transition of shoot apical meristem to inflorescence meristem is mediated by the Hd3a/RFT gene via mainly two different pathways, Hd1-Hd3a and others involving Ehd1 as intermediate. Under LD conditions, HD1 suppresses the Ehd1 expression, while in SD conditions, it upregulates Ehd1. The flower activation complex (FAC) is formed by the interaction between Hd3a - 14-3-3 - FD1 upregulating the OsMADS14/15/18, converting shoot apical meristem to inflorescence meristem.



        RICE FLORICULA/LEAFY (RFL), Arabidopsis orthologue of Leafy (LFY), plays an important role in flowering time and whole plant architecture maintenance. The RFL overexpression lines trigger precocious flowering by increasing the expression of flowering activator OsMADS50, an orthologue of the SOC gene in Arabidopsis [36]. OsSOC1 functions parallel to Hd1 and OsGI, which regulate the expression of FT-like Hd3a via the LFY gene. In Arabidopsis, activation of HD1, SOC1, LFY, and FT occurs consecutively. However, in rice, RFL acts upstream of OsSOC1/ OsMADS50 and RFT1 (rice florigen) to promote flowering [36]. While OsMADS56 repress the flowering under long-day condition via the OsLFL1-EHD1 pathway [37]. RFL is a regulator of several unique genes encoding transcription factors, ethylene signaling factors (EIL3), auxin efflux facilitator (PIN3-like), and hormone biogenesis/catabolism genes [36]. Under drought stress, RFL is induced and responsible for early flowering [17]. A bZIP transcription factor ABA-responsive element binding factor1 (OsABF1) is also induced, which indirectly reduces the transcription level of Ehd1 by activating the OsWRKY104 leading to the accumulation of its upstream genes, Hd3a and RFT1. The Ghd7 gene is also reduced due to drought stress, irrespective of the photoperiodism [18, 19]. In rice, Jasmonic acid regulates rice spikelet development by Extra Glume 1 (EG1) encoding phospholipase, which catalyzes the first step of JA biosynthesis with the release of linolenic acid (C18:3) from chloroplast membrane lipids. The eg1 and eg2 mutants had defective floral meristem determinacy and showed altered spikelet morphology and floral organ identity. JA biosynthesis is mediated by EG1, whereas EG2/OsJAZ1 act as JA signalling repressor. OsJAZ1 interacts with OsCOI1b (JA receptor) to trigger self-degradation and additionally, it interacts with OsMYC2 to suppress its role in OsMADS1 activation, an E-class gene playing important role during rice spikelet development. The role of OsMADS1 is reported in the maintenance of determinate floret development by ovule and carpel differentiation regulating determinate floral development [20].


      




      

        1.4. Adaptation of Rice to Different Climatic Conditions




        Thousands of years ago, wild relatives of rice started growing in tropical conditions at 28 ﹾC North latitude. But, with the process of domestication, they started spanning temperate areas with the difference in photoperiod and cold temperature. The expansion of rice in the northern hemisphere was possible through domestication and breeding techniques, due to reduced flowering time, and less sensitive photoperiod trait, which is essential for harvesting produce before cold commence [20]. Hd1 expression leads to flowering in rice under short-day conditions. Another unique gene Ehd1 induces flowering in rice by activating short-day florigen Hd3A or long-day florigen RFT1 under short/ long-day conditions, respectively. Ehd1 promotes flowering in the rice harboring the non-functional allele of Hd1, by activating Hd3a, which functions redundantly. However, in long-day conditions, a functional allele of Hd1 could not complete the role of Ehd1, as the non-functional Ehd1 allele containing rice did not flower even after 180 days, showing the antagonistic role of Hd1 and Ehd1 under LD. These two independent flowering pathways work together for the adaptation of rice to different climatic conditions [38, 39]. The rice cultivars growing in the temperate zone, with long photoperiod in most of the year, have a functional allele of Hd1 that favors early flowering before cold commences. However, rice growing in tropical/sub-tropical conditions have non-functional Hd1 that favors extended heading date [40]. In line with this functional RFT1, long-day florigen is mostly present in Indica cultivars grown at higher latitudes in the temperate zone. The non-functional RFT1 was found in some Indica rice varieties grown at low latitudes with a tropical climate. The functional RFT1 exists in long-day florigen in Japonica and Indica cultivars in temperate/high latitudes, while non-functional RFT1 is detected in some Indica rice varieties in lower latitudes/tropical climates [29].




        Expression of Gdh7, a quantitative trait locus (QTL) encoding for CCT domain (CO, CO-LIKE, and TIMING OF CAB1) controlling multiple traits, including flowering time, plant length, or the number of grains per panicle varies for adaptation to the different climatic zone. In long-day conditions, increased expression of Ghd7 delays flowering time and increased height and panicle size in rice. For adapting to get cultivated in temperate regions, natural mutants with reduced function have evolved with time, enabling rice cultivars to grow in cooler temperatures. Thus, GhD7 plays a crucial role in rice production and adaptation globally [41]. Transcriptome analysis of cold-sensitive Japonica variety Yongyou 538, showed some differentially expressed genes with upregulation of key flowering genes such as OsGI, OsFKF1, Hd1, FT-1, and OsELF3-2, in comparison to insensitive variety Niggeng 4. This study shows changes in the expression of flowering genes for regulating the adaption of rice crops to different environmental conditions [42].


      




      

        1.5. Development Made at Molecular Level to Combat Abiotic Stress in Plants




        Drought stress under both long and short-day photoperiods affects flowering in rice. Rice uses drought escape (DE) response to combat drought stress at the vegetative stage and extends the heading date [5]. Although drought affects the development of both female and male reproductive organs, severity is associated with male organ development. Editing of uORFs in 5’ leader sequence of Hd2, a flowering repressor extended heading date with 4-12 days, with reduced expression of RFT1, Ehd1, and Hd3a. Delay in heading date has the potential for adaptation of rice cultivars from tropical to temperate regions and confer drought escape mechanism [43]. Tolerance to drought stress has been achieved by targeting Drought-Induced LTP (OsDIL1) gene, encoding for lipid transfer protein. Expression of this gene is reported to be higher in the meiotic and post-meiotic flowering stage in comparison to other tissues, suggesting its role in flower development. The OsDIL-overexpression lines showed reduced expression of OsCP1, OsC4, and CYP704B2, another developmental gene in response to drought, showing a role in pollen fertility. Overexpression plants of OsDIL also showed higher levels of ABA synthesis gene ZEP1 (Zeaxanthin epoxidase) and other drought-related genes, including basic leucine zipper (bZIP46), RESPONSIVE TO DEHYDRATION22 (RD22), SOD1 (Superoxide dismutase), and peroxidase (POD) stress marker genes [44].




        In plants, R2R3-MYBs have been extensively characterized for providing tolerance to various abiotic stress. The MYB Important for Drought response 1 (MID1) encoding putative R-R-type MYB-like transcription factor improves rice yield under drought conditions. MID1-overexpressing plants showed higher seed settings due to fertile pollen development. MID1 acts as a transcriptional regulator of floret development in rice, promoting the development of male reproductive organs under drought conditions. MID1 combats abiotic stress by binding to ß-ketoacyl reductase gene, required for the first step of the fatty acid synthesis, and rice Male Sterility2 gene (MS2) important for anther and microspore development [21]. The MID-1 binds to the CYP707A5 promoter, regulating ABA catabolic pathway, leading to a decrease in ABA levels and promoting reproductive development in plants [44]. Overexpression of MYB3R transcription factor regulates cell cycle cyclin gene OsCycB1;1, playing a crucial role in G2/M phase transition during cold [22]. The expression of OsCPT1, a putative member of the DREB1 (dehydration-responsive element-binding factor 1)/ CBF pathway, leads to enhanced proline concentration, which ultimately increases tolerance to cold stress [45]. Using CRISPR-Cas9 gene editing, three genes were targeted in rice, OsPIN5b (a panicle length gene), GS3 (a grain size gene), and OsMYB30 (a cold tolerance gene) to improve cold tolerance. Nipponbare rice mutant of Ospin5b/gs3/ Osmyb30-4 resulted in improved cold stress tolerance and higher yield [23].


      


    




    

      CONCLUSION




      Flowering time/heading date in rice is controlled by two genetic pathways, i.e., OsGI–Hd1–Hd3a and Ehd1-Hd3a pathways. The presence and absence of these alleles or reduced expression of genes associated with flowering, such as HD1, Ehd1, RFT1, and Ghd7, confer adaptabilities of rice varieties from temperate zone with long photoperiods to tropical zone with short photoperiods. Despite the natural variation, leading to the adaptability of rice to varied climate change, there is a need to accelerate high-quality rice production to address malnutrition and feed of ever-increasing population. Abiotic stress components, including the photoperiod, drought conditions, and temperature, affect the plant at several stages, but the most crucial stage is flowering. The flowering gene Heading date-3a (Hd3a), Heading date 1 (Hd1), Rice Indeterminate 1 (RID1), Ghd7, Early heading date 1 (Ehd1), Ehd2 and Ehd3 are involved in flowering regulation. Fine-tuning rice heading dates by manipulating these genes can bring about some advantages, such as precise rotation of cropping systems with other profitable crops, enhancing more rice cropping per year, and developing superior varieties with high nutritional qualities. Adaptation of gene editing techniques such as TALENS, and CRISPR-Cas9 can speed up the process of functional characterization of flowering-associated genes. Also, combining gene editing technologies with breeding programs can reduce time in the process of crop improvement.


    


  




  

    REFERENCE




    

      

        	



        	

      




      

        	
[1]



        	Moonmoon S, Islam M. Effect of Drought Stress at Different Growth Stages on Yield and Yield Components of Six Rice (Oryza sativa L.) Genotypes. Fundamental and Applied Agriculture 2017; 2(3): 1.[http://dx.doi.org/10.5455/faa.277118]

      




      

        	
[2]



        	Yang X, Lu M, Wang Y, Wang Y, Liu Z, Chen S. Response mechanism of plants to drought stress. Horticulturae 2021; 7(3): 50.[http://dx.doi.org/10.3390/horticulturae7030050]

      




      

        	
[3]



        	Matsui T, Omasa K, Horie T. High temperature at flowering inhibits swelling of pollen grains, a driving force for thecae dehiscence in rice (Oryza sativa L.). Plant Prod Sci 2000; 3(4): 430-4.[http://dx.doi.org/10.1626/pps.3.430]

      




      

        	
[4]



        	Matsui T, Omasa K. Rice (Oryza sativa L.) cultivars tolerant to high temperature at flowering: anther characteristics. Ann Bot (Lond) 2002; 89(6): 683-7.[http://dx.doi.org/10.1093/aob/mcf112] [PMID: 12102523]

      




      

        	
[5]



        	Wang Y, Lu Y, Guo Z, Ding Y, Ding C. RICE CENTRORADIALIS 1, a TFL1-like Gene, Responses to Drought Stress and Regulates Rice Flowering Transition. Rice (N Y) 2020; 13(1): 70.[http://dx.doi.org/10.1186/s12284-020-00430-3] [PMID: 32970268]

      




      

        	
[6]



        	Ramu VS, Paramanantham A, Ramegowda V, Mohan-Raju B, Udayakumar M, Senthil-Kumar M. Transcriptome analysis of sunflower genotypes with contrasting oxidative stress tolerance reveals individual-And combined-biotic and abiotic stress tolerance mechanisms. PLoS One 2016; 11(6): e0157522.[http://dx.doi.org/10.1371/journal.pone.0157522] [PMID: 27314499]

      




      

        	
[7]



        	Babitha KC, Ramu SV, Nataraja KN, Sheshshayee MS, Udayakumar M. EcbZIP60, a basic leucine zipper transcription factor from Eleusine coracana L. improves abiotic stress tolerance in tobacco by activating unfolded protein response pathway. Mol Breed 2015; 35(9): 181.[http://dx.doi.org/10.1007/s11032-015-0374-6]

      




      

        	
[8]



        	Niranjan V, Uttarkar A, Dadi S, et al. Stress-Induced Detoxification Enzymes in Rice Have Broad Substrate Affinity. ACS Omega 2021; 6(4): 3399-410.[http://dx.doi.org/10.1021/acsomega.0c05961] [PMID: 33553958]

      




      

        	
[9]



        	Babitha K C, Ramu S V, Pruthvi V, Mahesh P, Nataraja K N, Udayakumar M. Co-expression of AtbHLH17 and AtWRKY28 confers resistance to abiotic stress in Arabidopsis Transgenic Res. 2013; 22: 327-41.

      




      

        	
[10]



        	Babitha KC, Vemanna RS, Nataraja KN, Udayakumar M. Overexpression of EcbHLH57 transcription factor from Eleusine coracana L. in tobacco confers tolerance to salt, oxidative and drought stress. PLoS One 2015; 10(9): e0137098.[http://dx.doi.org/10.1371/journal.pone.0137098] [PMID: 26366726]

      




      

        	
[11]



        	Xu Y, Chu C, Yao S. The impact of high-temperature stress on rice: Challenges and solutions. Crop J 2021; 9(5): 963-76.[http://dx.doi.org/10.1016/j.cj.2021.02.011]

      




      

        	
[12]



        	Hirose F, Inagaki N, Hanada A, et al. Cryptochrome and phytochrome cooperatively but independently reduce active gibberellin content in rice seedlings under light irradiation. Plant Cell Physiol 2012; 53(9): 1570-82.[http://dx.doi.org/10.1093/pcp/pcs097] [PMID: 22764280]

      




      

        	
[13]



        	Yang W, Gao M, Yin X, et al. Control of rice embryo development, shoot apical meristem maintenance, and grain yield by a novel cytochrome p450. Mol Plant 2013; 6(6): 1945-60.[http://dx.doi.org/10.1093/mp/sst107] [PMID: 23775595]

      




      

        	
[14]



        	Pham VN, Kathare PK, Huq E. Phytochromes and phytochrome interacting factors. Plant Physiol 2018; 176(2): 1025-38.[http://dx.doi.org/10.1104/pp.17.01384] [PMID: 29138351]

      




      

        	
[15]



        	Ghadirnezhad R, Fallah A. Temperature effect on yield and yield components of different rice cultivars in flowering stage. Int J Agron 20141-4.[http://dx.doi.org/10.1155/2014/846707]

      




      

        	
[16]



        	Jung JH, Domijan M, Klose C, et al. Phytochromes function as thermosensors in Arabidopsis. Science 2016; 354(6314): 886-9.[http://dx.doi.org/10.1126/science.aaf6005] [PMID: 27789797]

      




      

        	
[17]



        	Shor E, Paik I, Kangisser S, Green R, Huq E. PHYTOCHROME INTERACTING FACTORS mediate metabolic control of the circadian system in Arabidopsis. New Phytol 2017; 215(1): 217-28.[http://dx.doi.org/10.1111/nph.14579] [PMID: 28440582]

      




      

        	
[18]



        	Todaka D, Nakashima K, Maruyama K, et al. Rice phytochrome-interacting factor-like protein OsPIL1 functions as a key regulator of internode elongation and induces a morphological response to drought stress. Proc Natl Acad Sci USA 2012; 109(39): 15947-52.[http://dx.doi.org/10.1073/pnas.1207324109] [PMID: 22984180]

      




      

        	
[19]



        	Ji X, Du Y, Li F, et al. The basic helix-loop-helix transcription factor, Os PIL 15, regulates grain size via directly targeting a purine permease gene Os PUP 7 in rice. Plant Biotechnol J 2019; 17(8): 1527-37.[http://dx.doi.org/10.1111/pbi.13075] [PMID: 30628157]

      




      

        	
[20]



        	Cai Q, Yuan Z, Chen M, et al. Jasmonic acid regulates spikelet development in rice. Nat Commun 2014; 5(1): 3476.[http://dx.doi.org/10.1038/ncomms4476] [PMID: 24647160]

      




      

        	
[21]



        	Itoh JI, Nonomura KI, Ikeda K, et al. Rice plant development: from zygote to spikelet. Plant Cell Physiol 2005; 46(1): 23-47.[http://dx.doi.org/10.1093/pcp/pci501] [PMID: 15659435]

      




      

        	
[22]



        	Ohmori Y, Tanaka W, Kojima M, Sakakibara H, Hirano HY. WUSCHEL-RELATED HOMEOBOX4 is involved in meristem maintenance and is negatively regulated by the CLE gene FCP1 in rice. Plant Cell 2013; 25(1): 229-41.[http://dx.doi.org/10.1105/tpc.112.103432] [PMID: 23371950]

      




      

        	
[23]



        	Nagasaki H, Sato Y, Hong SK, Tagiri A, Kitano H, Yamamoto N. et al. A rice homeobox gene, OSH1, is expressed before organ differentiation in a specific region during early embryogenesis. Proc Natl Acad Sci U S A 93(8): 117-22.[http://dx.doi.org/10.1073/pnas.93.15.8117]

      




      

        	
[24]



        	Fan T, Li X, Yang W, Xia K, Ouyang J, Zhang M. Rice osa-miR171c mediates phase change from vegetative to reproductive development and shoot apical meristem maintenance by repressing four OsHAM transcription factors. PLoS One 2015; 10(5): e0125833.[http://dx.doi.org/10.1371/journal.pone.0125833] [PMID: 26023934]

      




      

        	
[25]



        	Bäurle I, Dean C. The timing of developmental transitions in plants. Cell 2006; 125(4): 655-64.[http://dx.doi.org/10.1016/j.cell.2006.05.005] [PMID: 16713560]

      




      

        	
[26]



        	Izawa T, Takahashi Y, Yano M. Comparative biology comes into bloom: genomic and genetic comparison of flowering pathways in rice and Arabidopsis. Curr Opin Plant Biol 2003; 6(2): 113-20.[http://dx.doi.org/10.1016/S1369-5266(03)00014-1] [PMID: 12667866]

      




      

        	
[27]



        	Wu C, You C, Li C, et al. RID1, encoding a Cys2/His2-type zinc finger transcription factor, acts as a master switch from vegetative to floral development in rice. Proc Natl Acad Sci USA 2008; 105(35): 12915-20.[http://dx.doi.org/10.1073/pnas.0806019105] [PMID: 18725639]

      




      

        	
[28]



        	Turck F, Fornara F, Coupland G. Regulation and identity of florigen: FLOWERING LOCUS T moves center stage. Annu Rev Plant Biol 2008; 59(1): 573-94.[http://dx.doi.org/10.1146/annurev.arplant.59.032607.092755] [PMID: 18444908]

      




      

        	
[29]



        	Zhao J, Chen H, Ren D, et al. Genetic interactions between diverged alleles of Early heading date 1 ( Ehd1 ) and Heading date 3a ( Hd3a ) / RICE FLOWERING LOCUS T1 ( RFT 1 ) control differential heading and contribute to regional adaptation in rice ( Oryza sativa ). New Phytol 2015; 208(3): 936-48.[http://dx.doi.org/10.1111/nph.13503] [PMID: 26096631]

      




      

        	
[30]



        	Taoka K, Ohki I, Tsuji H, et al. 14-3-3 proteins act as intracellular receptors for rice Hd3a florigen. Nature 2011; 476(7360): 332-5.[http://dx.doi.org/10.1038/nature10272] [PMID: 21804566]

      




      

        	
[31]



        	Kobayashi K, Yasuno N, Sato Y, et al. Inflorescence meristem identity in rice is specified by overlapping functions of three AP1/FUL-like MADS box genes and PAP2, a SEPALLATA MADS box gene. Plant Cell 2012; 24(5): 1848-59.[http://dx.doi.org/10.1105/tpc.112.097105] [PMID: 22570445]

      




      

        	
[32]



        	Kim SL, Lee S, Kim HJ, Nam HG, An G. OsMADS51 is a short-day flowering promoter that functions upstream of Ehd1, OsMADS14, and Hd3a. Plant Physiol 2007; 145(4): 1484-94.[http://dx.doi.org/10.1104/pp.107.103291] [PMID: 17951465]

      




      

        	
[33]



        	Izawa T, Mihara M, Suzuki Y, et al. Os-GIGANTEA confers robust diurnal rhythms on the global transcriptome of rice in the field. Plant Cell 2011; 23(5): 1741-55.[http://dx.doi.org/10.1105/tpc.111.083238] [PMID: 21571948]

      




      

        	
[34]



        	Sun X, Zhang Z, Wu J, et al. The Oryza sativa Regulator HDR1 Associates with the Kinase OsK4 to Control Photoperiodic Flowering. PLoS Genet 2016; 12(3): e1005927.[http://dx.doi.org/10.1371/journal.pgen.1005927] [PMID: 26954091]

      




      

        	
[35]



        	Wu W, Zheng XM, Lu G, et al. Association of functional nucleotide polymorphisms at DTH2 with the northward expansion of rice cultivation in Asia. Proc Natl Acad Sci USA 2013; 110(8): 2775-80.[http://dx.doi.org/10.1073/pnas.1213962110] [PMID: 23388640]

      




      

        	
[36]



        	Rao NN, Prasad K, Kumar PR, Vijayraghavan U. Distinct regulatory role for RFL, the rice LFY homolog, in determining flowering time and plant architecture. Proc Natl Acad Sci USA 2008; 105(9): 3646-51.[http://dx.doi.org/10.1073/pnas.0709059105] [PMID: 18305171]

      




      

        	
[37]



        	Ryu CH, Lee S, Cho LH, et al. OsMADS50 and OsMADS56 function antagonistically in regulating long day (LD)-dependent flowering in rice. Plant Cell Environ 2009; 32(10): 1412-27.[http://dx.doi.org/10.1111/j.1365-3040.2009.02008.x] [PMID: 19558411]

      




      

        	
[38]



        	Doi K, Izawa T, Fuse T, et al. Ehd1, a B-type response regulator in rice, confers short-day promotion of flowering and controls FT-like gene expression independently of Hd1. Genes Dev 2004; 18(8): 926-36.[http://dx.doi.org/10.1101/gad.1189604] [PMID: 15078816]

      




      

        	
[39]



        	Izawa T. Adaptation of flowering-time by natural and artificial selection in Arabidopsis and rice. J Exp Bot 2007; 58(12): 3091-7.[http://dx.doi.org/10.1093/jxb/erm159] [PMID: 17693414]

      




      

        	
[40]



        	Kim SR, Torollo G, Yoon MR, et al. Loss-of-function alleles of heading date 1 (Hd1) are associated with adaptation of temperate japonica rice plants to the tropical region. Front Plant Sci 2018; 9: 1827.[http://dx.doi.org/10.3389/fpls.2018.01827] [PMID: 30619400]

      




      

        	
[41]



        	Xue W, Xing Y, Weng X, et al. Natural variation in Ghd7 is an important regulator of heading date and yield potential in rice. Nat Genet 2008; 40(6): 761-7.[http://dx.doi.org/10.1038/ng.143] [PMID: 18454147]

      




      

        	
[42]



        	Yin M, Ma H, Wang M, et al. Transcriptome analysis of flowering regulation by sowing date in Japonica Rice (Oryza sativa L.). Sci Rep 2021; 11(1): 15026.[http://dx.doi.org/10.1038/s41598-021-94552-3] [PMID: 34294838]

      




      

        	
[43]



        	Liu X, Liu H, Zhang Y, He M, Li R, Meng W. Fine-tuning Flowering Time via Genome Editing of Upstream Open Reading Frames of Heading Date 2 in Rice. 2021; 82: 239-53.

      




      

        	
[44]



        	Guo C, Ge X, Ma H. The rice OsDIL gene plays a role in drought tolerance at vegetative and reproductive stages. Plant Mol Biol 2013; 82(3): 239-53.[http://dx.doi.org/10.1007/s11103-013-0057-9] [PMID: 23686450]

      




      

        	
[45]



        	Ma Q, Dai X, Xu Y, et al. Enhanced tolerance to chilling stress in OsMYB3R-2 transgenic rice is mediated by alteration in cell cycle and ectopic expression of stress genes. Plant Physiol 2009; 150(1): 244-56.[http://dx.doi.org/10.1104/pp.108.133454] [PMID: 19279197]

      


    


  




  




  

    A Peep into the Tolerance Mechanism and the Sugar Beet Response to Salt Stress




    


    Varucha Misra1, *, Ashutosh Kumar Mall1




    

      1 ICAR-Indian Institute of Sugarcane Research Lucknow-226 002, (U.P.), India


    






    

      Abstract




      Salt stress is one of the main environmental stresses occurring all over the globe. Soil salinity is a serious issue in arid and semi-arid areas, causing significant ecological disruption. Excess salts in the soil have an impact on plant nutrient intake and osmotic equilibrium, causing osmotic and ionic stress. Complex physiological features, metabolic pathways, enzyme synthesis, suitable solutes, metabolites, and molecular or genetic networks all play a role in plant adaptation or tolerance to salinity stress. Sugar beet is a well-known crop in terms of salt tolerance and for reclaiming such soils, even for the growth of other crops. Natural endowments, accumulation of organic solutes, sodium potassium ions accumulation in vacuoles, and osmotic tolerance potential are some of the key mechanisms involved in providing tolerance to sugar beet. A greater understanding of sugar beet tolerance and response to salt stress will open up new avenues for increasing crop performance in these conditions. The mechanisms involved in sugar beet adaptation to salt stress conditions, as well as the response to such conditions, are discussed in this chapter.
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      1. INTRODUCTION




      Salinity is a severe challenge to modern agriculture, causing crop growth and development to be hampered. Excess salt levels harm around 960 million hectares of fertile land worldwide [1-3]. In the current situation, more than 20% of well-irrigated lands around the world are vulnerable to soil saline conditions. Due to the excessive use of water for crop irrigation and rapid barrenness (due to climate change issues), the problem of salt stress has grown [4]. The increasing soil salinity is majorly due to the global variation in temperature, poor irrigation practices, and incorrect fertilizer use. All of these have enhanced the negative impacts of salt increment in soils resulting in an annual salinity increase of 1-2 percent [5]. Munns [6] and Munns [7] described a two-phase growth reaction of plants towards salt stress. In the first phase, the effect of salt stress has contributed to osmotic alterations occurring exterior to the salt-affected cells. This, in turn, causes a lower rate of water absorption. The second phase is denoted by salt accumulation in leaves which results in enzymatic activity hindrance and activation of ionic and oxidative stress [8].




      Sugar beet, thanks to its sea beet ancestor, has a high salt tolerance capacity [9, 10] of 9.5 m mhos/cm to salt stress [11, 12]. This salt tolerance ability is exceptionally strong when compared to other crops, such as paddy (6.0), sugarcane (4.4), and wheat (2.4). It's a halophyte that scavenges sodium salts in salty soils, removing roughly 500 kg of sodium salts per hectare per season [11]. Several cultivars have obtained salt tolerance traits from their ancestor. Yang et al. [9] stated that this crop can withstand 500 mM sodium chloride (NaCl) for seven days without dying. Sugar beet was found to be able to grow in soil containing 85–140 mM salt [13]. According to Peng et al. [14], sugar beets grew better in 3 mM NaCl than in 0 mM NaCl. Besides, the production quality had even been reported to be ineffective when the electrical conductivity (EC) of the soil reached 7.0 dS m-1 (67 mM NaCl) [15]. However, when EC exceeds the 7.0 dS m-1 level, this crop shows reduced yield [16, 17]. Khandil et al. [18] reported this crop as an economically farmed crop in saline soils and also helped in reclaiming such soils. Sugar beet is now considered an ideal crop model for understanding salt tolerance mechanisms, thanks to the completion of its genome sequencing [19].




      

        1.1. Characteristics of Halophytes for Salt Stress Condition




        Halophytes have a built-in ability to thrive in saline environments. Chenopodiaceous plants have more mitochondria than other plants because they require more energy in high-salt environments [20]. Additionally, these plants aid in the accumulation of sodium and chlorine ions in their cytoplasm. This allows the chloroplasts to withstand even the saline conditions are at extreme [21]. These plants also contain special glands on their leaves that aid in the elimination of salt. These glands prevent salt from reaching the sprout via the surface of the leaves [22]. Furthermore, the presence of hydathodes in these plants aid in the excretion of excessive salts. With less stomatal conductance and more transpiration water loss, this happens.


      




      

        1.2. Salt Stress Tolerance Mechanism in Sugar Beet




        The tolerance mechanism in sugar beet for salt stress has been investigated in a number of studies [23, 24]. Osmotic tolerance, ion exclusion, and tissue tolerance are the three identified mechanisms behind the tolerance potential of this plant for such conditions. Osmotic tolerance/ adjustment potential has been prominently seen in this crop with the accrual of sodium and chloride ions in their vacuoles and cytoplasm [25, 26]. It is an essential regulatory mechanism for the crop to adapt to salt conditions [27]. An osmotic gradient is created when salt components from the cytoplasm accumulate in the vacuole. The surge in the solute synthesis that happens in the cytoplasm controls this gradient. Osmotic adjustment is the process of increasing solute production [28]. This is an adaptive approach for plants that have been exposed to a saltwater environment. Various suitable solutes have been discovered. Compatible solutes have features such as increased solubility, low polar charge, and a broad hydration shell [29]. The various features of compatible solutes contribute to cell turgor maintenance and even cause consistency in enzyme structure in the cytoplasm. As a result, the solutes are protected by inorganic ions [30]. Flowers [31] found the absorbing and accumulating capability of sodium ions in the sugar beet leaves for osmotic regulation/adaptation under saline conditions. Flowers and Colmer [32] found that plants grown under salt-stress conditions possess high rates of organic solutes. The production of organic solutes under such a condition causes the plant to maintain its cell turgidity and enzymatic conformation. Proline, in this respect, plays an essential part. It is involved in the protection of the cytomembrane system and sustaining the enzyme structure [33]. Ashraf and Fatima [34] stated that proline production varies with tolerance potential for salt stress. Proline and soluble sugars have long been recognized for their role in osmotic adjustment in plants under salt stress [35].




        Zeng et al. [36] found that salt-tolerant halophytes had a substantial increase in betaine contents. Wang et al. [37] showed that the accumulation of amino acids in salt-stressed sugar beet had much higher rates than proline/choline levels. Wang et al. [38] depicted that the higher the organic acid in salt-stressed plants higher the salt tolerance potential. They further stated that organic acid accumulation causes the plant to cope with abiotic stresses. Iqbal et al. [39] revealed that protein structure and cell membrane stability are sustained by salt-tolerant sugar beet plants in the osmotic adjustment defense mechanism. This helps in lowering the osmotic potential of cells. Ninety-five redox proteins have been identified in this crop under salt stress conditions depicting its involvement in metabolic activities as well as several other activities related to defense mechanisms for such an environment [40]. Mansour and Ali [41] have shown that all these responses help in giving energy to plants for coping/adapting to the salt stress condition.




        Sugar beet has long been known to have a salt stress tolerance capacity. Yang et al. [9] revealed that this plant can withstand the salt stress condition of up to 500 mM NaCl for one week and that too without losing its viability. According to Gupta [42], the tolerance power of sugar beet was 9.5 Dsm-1. The absorption of salt by the plant from the soil to the shoots has been documented in this trait. This aids in the preservation of osmotic equilibrium, but it can also induce toxicity and nutritional imbalance in plants [15, 43]. Koyro and Huchzermeyer [23] have shown that sugar beet has the potential to store soluble sugars in its roots which provides support in the regulation of osmotic potential when salt stress occurs. Eisa and Ali [24] revealed the purpose behind the prominent impact of salt stress in germination and early growth stages of this crop. This is so as the rate of photosynthesis becomes significantly reduced, resulting in little production of sugars in roots. Ayars and Schoneman [44] found this crop to be well-grown under moderate salt stress conditions.




        The accrual of sodium and potassium ions in the vacuolar and cytoplasmic regions of the cells is another strategy that the beet crop adopts for showing tolerance for such situations [26, 45]. The accumulation and absorption of sodium ions by this plant under salt stress conditions help in regulation and adaptation to osmotic potential with soil [31]. Glenn and Brown [46] showed the precise mechanism for controlling the uptake of Na+ and Cl- ions for water intake. Flowers and Colmer [32] proved this mechanism as the reason for the halophytes plant's tolerance capability, including sugar beet. Besides ion uptake, cellular compartmentalization and organic solute formation also work together in providing tolerance to sugar beet under salt stress conditions. Na+/H+ antiporters play an important function in providing salt tolerance to plants. These antiporters help in expelling the sodium ions from the cytoplasm [47]. Parallelly, the H+ gradient created by H+-ATPases and H+-PPases initiates sodium ions to move into the vacuole [48]. This is the reason why there is a necessity for hydrogen ion pumps in the cytoplasm [49].




        Potassium ions also play an important role in sugar beet under salt stress conditions. As per Lindhauer et al. [43], reduced levels of K+ ions have been reported due to the osmotic regulation in this salt stress condition. Osmotic adjustment through sodium, potassium, and chloride ions increased the growth potential of sugar beet under salt stress conditions [26]. Lindhauer et al. [42] found that ions of potassium, sodium, and magnesium may help in obtaining potential osmotic adjustment in leaves of sugar beet. This has made this crop a choice for user lands where cultivation of other crops fails. Shrivastava et al. [11] showed its potential yield in salt areas of Sunderbans after paddy cultivation. This indicated its lucrative capability in severe salt areas.


      




      

        1.3. Salt Overly Sensitive (SOS) Pathway for Salt Tolerance




        This pathway involves the use of three parts, viz., SOS 1, SOS 2, and SOS 3. These three parts function together in regulating the Na+ concentrations in the cytosol. Thus, the pathway plays an important function in controlling/regulating ion homeostasis, where Na+ is transported outside the cell through these signals. It is considered an essential signaling pathway for a crop to stimulate during salt stress conditions and serves as a defense mechanism for the crop. Research on the SOS pathway in halophytes on molecular and physiological levels is limited [22, 50, 51]. A calcium signal is stimulated when Na+ ions concentration is increased, and this, in turn, causes activation of the SOS pathway. Geng et al. [52] revealed that calmodulin-like protein (CML7 gene) expression was increased in salt-tolerant sugar beet cultivar. This also showed that there is the involvement of calcium ion sensors in the regulation of salt stress tolerance in sugar beet. In the cell membrane, the calcium-binding proteins SOS 3 and SOS 2 form a complex that causes activation of SOS 1 antiporter [53]. This pathway also provides tolerance to crops by a cellular process dependent on Na+ efflux, which returns sodium ions either to the soil or to the apoplast Fig (1).




        
[image: ]


Fig. (1))


        The SOS signaling pathway in generalized plants under salt stress conditions.

      




      

        1.4. The Response of Sugar Beet under Salt Stress




        Production and productivity are both affected by salt concentration in any crop. Variations in salt concentration have a strong impact on the growth and growth-related traits of sugar beet. The uptake of water and nutrients essential for crop growth is impeded by the variation of salt concentration in any crop [54]. In sugar beet, salt stress causes different effects on the crop stage at which it strikes Table (1). Abbas et al. [55] found that the tolerant nature of this crop was seen during vegetative growth, while the sensitive stage has been reported as germination, seedling, and emergence [35, 56]. Ayers and Hayward [57] showed that at the germination phase, when EC of saline soil is at 6 mmho cm-1, then a reduction of 50% germination rate was seen. Ion toxicity, nutritional imbalance, photosynthetic efficiency, and other related processes have a repressed effect on sugar beet under salt stress conditions [58]. Besides, sugar beet, as a response to salt stress conditions, also shows physio-biochemical adaptive traits Table (2).




        

          Table 1 Sugar beet response at various crop stages under saline environment.




          

            

              

                	Stage



                	Response



                	Impact



                	References

              




              

                	Seedling emergence



                	Reduction



                	Lowers the number of seedlings



                	[59, 60]

              




              

                	Germination



                	Poor germination



                	Ion toxicity, Restriction/hindrance in cell division process, and rise in the growth point.



                	[26, 61]

              




              

                	Vegetative growth



                	Reduced shoot content



                	Reduction in fresh weight



                	[62]

              




              

                	Flowering



                	Early flowering



                	Increase in root shoot ratio, increase in leaf size, Dry matter reduced



                	[61]
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