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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, Pr. 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


    


  




  




  




  

    PREFACE




    


    


    


    


    


  




  

    Part II of this book entitled "Plant Stress Physiology and Agricultural Biotechnology for Sustainable Agriculture" continues to summarize current findings, emerging technologies, and integrated strategies to mitigate stress responses and achieve sustainable agriculture through the understanding and application of integrated omics and molecular tools and the use of agricultural biotechnology and plant growth-promoting microorganisms and agents.




    It first provides molecular aspects on the role of cytosine methylation and demethylation in plant stress responses and the importance of epigenetic genetics in regulating plant stress responses and the role of late embryogenesis abundant proteins in plant cellular stress tolerance with an emphasis on their molecular mechanisms and potential implications.




    Several chapters focus on discussing the subtopics of beneficial microorganisms including rhizobacteria, endophytes, and mycorrhizal fungi, which are expected to be alternative fertilizers with the advantages of being cost-effective, toxin-free, and eco-friendly.




    In the scenario of a rising world human population and consequently, increasing industrial activities, environmental pollutants continue to threaten human life globally. Fortunately, a range of plants have the ability to remediate such kind of environmental stress, and in part II of this book, several comprehensive reviews were provided to explore the role of medicinal plants in reducing the toxic and negative impacts of pollutants, and additionally, the stress responses induced by metal-nanoparticle were presented and discussed.




    Pathogenic/biotic stresses are critical issues in agricultural production due to the resulting huge losses each year globally and certainly damage the goal of zero hunger in SDGs (Sustainable Development Goals). Part II of this book presents the potential use of endophytic bacteria for protecting crops against pathogens and an in-depth analysis of the molecular level to understand the impact of ATP-binding cassette transporters on plant defense mechanisms. Besides, a chapter discusses an interesting class of plant secondary metabolites, namely terpenoids and their precursors, terpenes, on their role in diverse growth and development, particularly with an emphasis on their effects on plant-microbial interaction and defense mechanisms and this knowledge can advance future utilization of these compounds through metabolic engineering or exogenous application as anti-pathogenic agents.




    The content of Part II is an ideal reference for students and teachers in the research field of plant science, particularly the topics of plant stress physiology and plant-microbial interaction. It also provides advanced knowledge and valuable insights for experts in agricultural institutions and the R&D departments of agricultural corporations.




    In the end, the editor is very grateful to the staff of the publisher for their guidance and assistance, and to all the chapter contributors for their efforts. Without their valuable works, this book will not be successfully organized.




    

      Jen-Tsung Chen


      Department of Life Sciences


      National University of Kaohsiung


      Taiwan
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      Abstract




      Genetic information is fundamental in biology. It is stored in all genomes, crucial to generating and maintaining a new organism. The biological importance of DNA lies in its role as a carrier of genetic information and how it is expressed under specific conditions. Among the different ways of controlling the manifestation of genomic information (or gene expression), epigenetic mechanisms have been highlighted. These mechanisms are diverse, multifunctional, and profoundly affect the plant's molecular physiology. Cytosine methylation and demethylation - one of the best-studied epigenetic mechanisms - is a dynamic process that influences, respectively, the down- and up-regulation of target genes. The referred chemical modifications occur in response to developmental processes and environmental variations, and have their biological value accentuated as they can be passed on to subsequent generations. This inheritance mechanism conducts ‘states of gene expression’ to new cells and even to the offspring, allowing them to be ‘more adequate’ to the changing environment. The possibility of inheriting such chemical modifications defies our understanding of the hereditary process, opening new perceptions and practical implications. This chapter aims to address the cytosine methylation and demethylation effects in plants. In the present review, we deal with how cytosine (de)methylation occurs in plant genomes, their participation in the biotic and abiotic stress responses, the recent studies for its use in crop breeding, and the epigenetic inheritance issue, which is a matter of intense debate.
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      1. INTRODUCTION




      

        1.1. Epigenetics: Definition, Main Impacts, and Effects




        Information is fundamental in Biology. It is stored in all genomes, crucial to generating and maintaining a new organism. The biological significance of DNA lies in the role it plays as a carrier of information and how it is expressed throughout the organism’s life cycle. The control of the genetic information expression is sine qua non to the life maintenance.




        To integrate and survive in a niche in which they are incorporated, plants constantly regulate their internal environment to external fluctuations, such as soil, climate and biological interactions. This regulation is controlled primarily by transcription modulation of specific genes (i.e., genetic information). The gene expression in all organisms occurs through the action of protein effectors called transcription factors (TFs) and some RNA polymerases [1, 2]. TFs enable RNA polymerases to bind to the gene promoter region and initiate gene transcription [1]. These protein effectors' activity is indirectly influenced by chemical changes in DNA (for both eukaryotes and prokaryotes) and histone tails (for eukaryotes). The mentioned chemical alterations in chromatin structure affect the transcriptional machinery accessibility and act in signaling, engaging/inhibiting protein complexes that participate in the transcription processes (for a review, see Ferreira-Neto et al. [3]).




        The aforementioned chemical mechanisms and their effects are part of the so-called Epigenetic phenomena. In terms of definition, an Epigenetic process is recognized as a ‘structural adaptation of chromosomal regions to register, signal or perpetuate altered activity states’ [4]. Bird [5], in turn, adds inheritance-associated terms to its definition, to cite: ‘Epigenetics is the study of mitotically and/or meiotically inheritable changes in gene function (expression) that cannot be explained by changes in DNA sequence’. Admittedly, some epigenetic modifications can be passed on to cell generations and/or offspring [6]. The chromatin’s chemical modifications inheritance affected the understanding of the heredity process in Mendelian terms: not only the parental DNA is inherited, but also chemical marks anchored in the chromatin structure.




        The epigenetic modifications (also called epigenetic marks) are diverse, multifunctional, and profoundly affect the plant's molecular physiology. Chemical changes in histone tails are numerous. They cover (de)methylation, (de)acetylation, (de)phosphorylation, (de)sumoylation, among others [7]. The pattern of histone modifications is called “histone code”. It influences transitions between chromatin states (permissive and not permissive to gene expression) and, consequently, the regulation of transcriptional activity [8]. Regarding the chemical modifications in DNA, these are represented by cytosine methylation and demethylation, which are the focus of the present work. This dynamic process influences, respectively, gene down- and up-regulation [9-11]. Plant cytosine methylation and demethylation have their biological value accentuated, as they can be passed on to subsequent filial generations (cell generations and offspring). This transgenerational inheritance allows transferring ‘states of gene expression’ to the progeny, allowing them to be ‘more adequate’ to the environment under the condition inducing such modification.




        In another context, epigenetic marks help improve plant fitness under stress within the same generation. Since environmental perturbations may occur frequently, it is advantageous to plants to ‘remember’ past incidents and to use this ‘experience’ to adapt to new threats. This ‘memory’ system is called ‘priming’ (or somatic memory [12]). Plant priming allows the plant to perform a more rapid and robust response to pathogen attack, or abiotic stresses, in the second round of stress, compared with the first one. Therefore, plant priming increases the plant's chances of survival/adaptation. The duration of that ‘priming’ can vary from the range of days to weeks [13, 14]. Some scientific evidence supports the link between priming and epigenetic marks (for a review, see Turgut-Kara et al. [15]).




        This chapter will focus on plant cytosine methylation and the demethylation process. In higher plants, cytosine nucleotides of the nuclear genome are often extensively methylated [16]. DNA methylation has been implicated in a series of critical biological responses, and errors in the mentioned process may have severe functional consequences. Here, it is argued how these epigenetic marks occur, their effects on plant tolerance/resistance to (a)biotic stresses, their inheritance mechanism, and how epigenetics can be used in plant breeding.


      


    




    

      2. THE CYTOSINE METHYLATION MECHANISM




      

        2.1. How Does This Mechanism Occur?




        The cytosine nucleotides can be methylated by two different strategies, considering the novelty of the mark (i.e., methylation of a cytosine not yet methylated; also called de novo methylation) or the maintenance of the mark (also called methylation inheritance; transfer of the cytosine methylation pattern to a newly synthesized DNA molecule, during mitotic or meiotic division).


      




      

        2.2. Understanding the De Novo Methylation Mechanism




        The de novo (Latin expression used in English to mean 'from the beginning') methylation process encompasses the steps by which methyl groups are added to unmethylated DNA at specific cytosine nucleotides [resulting in 5-methylcytosine (5mC)]. This process occurs both in so-called symmetrical (i.e., CpG and CpHpG; H = A, C or T; p = phosphate) and asymmetrical (i.e., CpHpH) cytosine contexts. This methylation establishment mechanism is coordinated by the action of non-coding RNA (ncRNAs), receiving the denomination of the ‘RNA-directed DNA methylation (RdDM) pathway’. The RNAs are molecular actors of heterogeneous action. The mentioned biomolecules participate (as tRNA, mRNA, and rRNA) in the flow of genetic information (DNA to RNA to protein), have catalytic power (ribozymes [17]), besides controlling the flow mentioned above by regulating gene transcription [by RNA interference mechanism [18] (topic not addressed in this work), and cytosine methylation]. The denominated small interfering RNAs (siRNA), along with protein complexes, are the elements responsible for guiding the cytosine methylation process.




        In the plant canonical RdDM pathway, a particular stretch of DNA-containing cytosine is methylated from the initial action of the RNA POLYMERASE IV (RNA POL IV) enzyme. In the first arm of the pathway mentioned above, RNA pol IV (a plant-specific enzyme) synthesizes long single-stranded RNAs (ssRNAs) (Fig. 1, first step), complementary to the target region that will be methylated [19]. After that, the RNA-DEPENDENT RNA POL 2 (RDR2) enzyme converts the produced long ssRNA into a double-stranded (guide and passenger) RNA molecule (dsRNAs; Fig. 1, second step) [20]. Then, DICER-LIKE 3 (DCL3) cuts these dsRNAs into 24-nt siRNAs [21] Fig. (1), third step), which are exported to the cytoplasm, where they are subsequently incorporated into AGONAUTE proteins (AGO4 or AGO6 or AGO9 [22]) (Fig. 1, fourth step). Together with DICERs and other enzymes, AGO proteins form the RNA-induced silencing complex (RISC).




        In the RdDM second branch, the siRNAs incorporated into the AGO-clade proteins guide the cytosine methylation, catalyzed by the DNA methyltransferase DRM2 enzyme. The addition of the methyl group will only take place after the following steps: 24-nt siRNAs incorporated into AGO proteins are forwarded to the nucleus, where the transcription of long ncRNAs occurs by RNA POL V Fig. (1), fifth step; these long ncRNAs are bound through sequence complementarity by guide strand of the siRNA AGO-loaded Fig. (1), fifth step; after the formation of this complex structure, DNA methyltransferase DRM2 is recruited to target DNA, and performs the cytosine methylations Fig. (1), sixth step [23-25].




        
[image: ]


Fig. (1))


        RNA-directed DNA methylation (RdDM) pathway, didactically divided into six steps.The first step (RNA POL IV enzyme synthesizes long single-stranded RNA). The second step (double-strand RNA synthesis by RNA-DEPENDENT RNA POL 2 enzyme). The third step (24-nt siRNA biogenesis by DICER-LIKE 3 enzyme). Fourth step (24-nt siRNA are incorporated by AGO-clade proteins at the nucleus). Fifth step (AGO-clade proteins bound to 24-nt siRNA interacts with transcript-derived RNA POL V enzyme). Sixth step (after the formation of the complex displayed in the fifth step, the DNA methyltransferase DRM2 is recruited to target DNA and perform cytosine methylation).



        In addition to the canonical RdDM, non-canonical RdDM pathways have been reported. Small RNAs (sRNAs) from diverse origins (including viral ones), transcripts generated by other RNA polymerase enzymes (despite RNA POL IV and V), and processed by other DCLs and AGO proteins can carry out RdDM. For a review of these alternative pathways, please see Matzke and Mosher [26].


      




      

        2.3. Maintenance (Or Inheritance) of Cytosine Methylation in Plant Genomes: Enzymes and Mechanisms




        Once established, global DNA methylation patterns may be stably maintained to ensure that target genes remain in a silenced status. The maintenance process depends on a conserved set of enzymes [27-29]. In plants, different enzymatic pathways coordinate the maintenance of the cytosine methylation pattern. Each pathway is specific for sequence contexts where the cytosine may be genomically inserted (i.e., CpG, CpHpG, and CpHpH; where H = A, C, or T; p = phosphate) [30].




        The combined action of the cytosine methylation maintenance protein MET1 (a DNA methyltransferases) and its cofactor VIM (VARIANT IN METHYLATION) is responsible for the DNA methylation maintenance in the CpG context [31, 32]. After DNA replication Fig. (2a-b), MET1 recognizes hemimethylated CpG dinucleotides and adds a methyl group to the cytosines in the filial complementary strand [33] Fig. (2c-d). In Arabidopsis [34] and Physcomitrella patens [35], the loss of MET1 activity resulted in cytosine demethylation in the CpG context.




        In addition, several studies have suggested that VIM proteins play essential roles in MET1-mediated cytosine methylation. Vim1, vim2, and vim3 mutants showed similar behaviors to met1 mutants in both DNA CpG methylation profiles [36] and gene expression regulation [37, 38]. As MET1 does not have a 5mC binding domain, it is proposed that VIMs, through the activity of their SRA domain, are responsible for recruiting MET1 to CpG sites [39, 40].




        The DNA methylation maintenance in the CpHpG context occurs by other molecular actors [41-43]. CMT3 methyltransferase Fig. (2c-d) performs the methylation of the mentioned sequence context [44]. In vivo assays demonstrated the role of this enzyme in the conversion of hemimethylated CpHpG sites into fully methylated sites Fig. (2c-d), indicating its role as a maintenance DNA methyltransferase [44].




        CpHpH methylation, in turn, is not preserved by maintenance DNA methyltransferases Fig. (2c-d); hence, it depends on de novo methylation (RdDM pathway). In this sequence context, the cytosine methylation recomposition must be carried out after every DNA replication cycle once there is no methylated cytosine in the complementary strand to serve as a guide for re-methylation of a particular cytosine [45, 46] (Fig. 2c-d).
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Fig. (2))


        Cytosine methylation maintenance mechanisms at different sequence contexts, showing the main enzymes. (A) Different genomic contexts in which cytosine nucleotides can be genomically inserted; (B) Denatured DNA. Replication process initiated; (C) Filial DNA strand synthesis, resulting in a hemimethylated double-strand DNA molecule. Next, the maintenance DNA methylases MET1 and CMT3 come into action at their respective genomic contexts; (D) The CpG and CpHpG genomic contexts recover their methylation level. Only the RNA-directed DNA methylation pathway methylates the CpHpH genomic context. Legend: black spheres (H) = A (adenine); T (thymine); or C (cytosine); p = phosphate.

      


    




    

      3. THE CYTOSINE DEMETHYLATION MECHANISM




      Given that cytosine methylation (Fig. 3), first step is a reversible event, cytosine demethylation has proven essential for genome epigenetic reprogramming and activation of specific genes during plant development and response to stressful conditions [47]. Replacing methylated cytosine with unmethylated cytosine is an important phenomenon in gene expression regulation.
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Fig. (3))


      Cytosine demethylation (active pathway) mechanism, briefly presented. The first step (extension of genomic DNA with methylated cytosine). In the second step (ROS1/DME are recruited to the methylated site). The third step (ROS1/DME cleaves the methylated cytosine from the DNA backbone). Fourth step (DNA polymerase/DNA ligase fills the gap). Legend: AP site (apurinic/apyrimidinic site).



      The cytosine methylation in plants is a more well-characterized epigenetic event than the demethylation pathways [31, 48]. Despite this, it is known that DNA demethylation can occur either passively or actively. The passive cytosine demethylation corresponds to a gradual dilution of the DNA methylation level during the DNA replication process. In this way, since the DNA replication follows the semi-conservative model and the cytosine methylation is a DNA post-replicative event, the newly synthesized DNA strand is not yet properly targeted and methylated at the first moment [48] Fig. (2c). Also, during the cell cycle and DNA replication, the decrease in the methylation level is reinforced because maintenance DNA methyltransferases are inactive or downregulated in some organisms [49]. Thus, DNA methylation can be passively lost if methylation maintenance does not occur.




      Unlike passive DNA demethylation, active cytosine demethylation Fig. (3), first to fourth steps occurs independently of DNA replication. In plants, distinct and coordinated enzyme activities are required to remove unwanted intermediates from 5mC (5-methylcytosine) excision [50]. The active DNA demethylation pathways in plants involve the direct recognition of 5mC and enzymatic removal by one or more specific DNA glycosylase enzymes (5-methylcytosine DNA glycosylases), followed by complementary actions of the DNA repair system through base excision repair (BER) pathway [49] Fig. (3), first to fourth steps.




      Among the DNA glycosylases implicated in the BER pathway, Demeter (DME), a member of the plant-specific DNA demethylase family [51], and the homologs REPRESSOR SILENCING 1 (ROS1), DEMETER-LIKE 1 (DML1), DEMETER-LIKE 2 (DML2), and DEMETER-LIKE 3 (DML3) deserve mention. These demethylases (5mC DNA glycosylases) are bifunctional DNA glycosylase/lyases with both DNA glycosylase and apurinic/apyrimidinic (AP) lyase activity, presenting partial functional redundancy and conserved domains [31], including HhH-GDP (helix–hairpin–helix-Gly-Pro-Asp) domain, FES (4Fe- 4S) cluster, H1 domain (with similarity to histone H1), and DUF domain (unknown function). Arabidopsis thaliana triple mutant plants for ROS1, DML2, and DML3 (rdd: ros1-3dml2-1dml3-1) genes expressed broadly in plant tissues, showed genomic hypermethylation, increasing the 5mC level at 9,290 loci [52].




      Initially, during the active cytosine demethylation, ROS1 and DME are recruited to the target loci (5mC) Fig. (3), second step respectively, by MBD7-IDM/SWR1 complex [a protein complex containing methyl-DNA binding protein 7 (MBD7)], and increased DNA methylation 1 (IDM1), IDM2, and IDM3, or by FACT (Facilitates Chromatin Transactions) complex [48]. Then, ROS1/DME cleaves the 5-mC from the DNA backbone Fig. (3), third step independently of the methylated cytosine contexts, hydrolyzing the N-glycosidic bond between the target base and deoxyribose residue, forming an apurinic/apyrimidinic (AP) site Fig. (3), third step, and releasing the 5mC [51, 53].




      During enzymatic cleavage of the sugar-phosphate backbone by DME/ROS1 enzymes, the removal of 5 mC occurs through successive β or β, δ elimination reactions (a beta elimination reaction followed by a delta elimination reaction). The β elimination reaction leads to the formation of 3'-phosphor-α,β-unsaturated aldehyde (3'-PUA), while the β, δ elimination reactions generate a 3'-phosphate group [50]. Both the 3'-PUA and the 3'-phosphate need to be converted to a 3'-hydroxyl (3'-OH) before DNA polymerase/DNA ligase fills the gap Fig. (3), fourth step.




      At this point, the DNA demethylation pathway presents two possibilities: the reaction mediated by apurinic/apyrimidinic (AP) endonucleases (APEs) or the reaction mediated by ZDP enzymes. The (AP) endonucleases acting after the DNA glycosylases are crucial for processing lesions resulting from the 5mC removal and generation of the 3'-OH group necessary for the subsequent gap-filling polymerization with unmethylated cytosine by DNA polymerase and DNA ligase. The (AP) endonucleases APE1L/APE2 can process the 3'-PUA group to generate a 3'-OH group [50]. In turn, the conversion of 3'-phosphate to 3'-OH is carried out by DNA 3'-phosphoesterase ZDP. This zinc finger protein removes the 3'-phosphate group formed and regenerates a 3'-OH group, allowing the subsequent polymerization and binding of unmethylated cytosine [54]. Dysfunctions of ZDP or APE1L enzymes showed DNA hypermethylation at approximately 1,500 or 3,500 endogenous loci, respectively [55].




      The DNA ligase, which provides the phosphodiester bond joining the two ends of DNA strands after filling the gap with an unmethylated cytosine nucleotide Fig. (3), fourth step, was identified as AtLIG1 [56]. However, the DNA polymerase involved in the active DNA demethylation remains unknown [55] Fig. (3), fourth step.


    




    

      4. CYTOSINE (DE)METHYLATION IN PLANT STRESS RESPONSES




      Plants are sensitive to external environmental conditions, and their adaptation mechanisms are complex. To survive in unfavorable circumstances, these organisms employ diverse genetic and epigenetic strategies. In recent years, a growing number of works have reported DNA methylation status changes in plants under biotic or abiotic stress. Below, we review the cytosine methylation involvement in the plant's fight for survival.




      

        4.1. Cytosine (De)methylation in Plant Response to Abiotic Stresses




        Several studies have demonstrated changes in cytosine methylation levels in response to abiotic stresses Table (1). Regarding drought stress, the mentioned DNA chemical modification contributes positively to adaptation in different crops, namely: barley [57], wheat [58], and Indian tea [59], among others. In Populus trichocarpa under the condition mentioned, Liang et al. [60] showed that the methylation in 100 bp upstream of the transcriptional start site (TSS) repressed gene expression. Interestingly, cytosine methylations in 100-2000 bp upstream of TSS and within the gene body, in turn, were positively associated with gene expression. Moreover, the authors reported 1156 transcription factors (TFs) with reduced both methylation and expression levels, besides 690 TFs with increased methylation and expression levels after drought treatment. These protein effectors may play crucial roles in Populus drought stress responses. In turn, Xu et al. [61] analyzed methylation patterns in the genome of apple (Malus x domestica) under water deficit conditions. The study revealed that promoter-unmethylated genes showed higher expression levels than promoter-methylated genes. Similar to Liang et al. [60] observations in Populus, gene body methylation in apple plants also appeared to be positively correlated with gene expression. Finally, water deficit stress was associated with changes in methylation at a multitude of apple genes, including those encoding transcription factors (TFs) and transposable elements (TEs). These results presented a methylome map of the apple genome and revealed widespread DNA methylation alterations in response to water deficit.




        Plant cytosine methylation is also associated with response to cold stress. The mentioned condition has accentuated effects on plant metabolism and gene expression. Yu et al. [62] analyzed DNA methyltransferases and demethylases' gene expression from Dendrobium officinale L. under the mentioned condition. Compared with controls, gene expression levels of most DNA methyltransferases were down-regulated. In contrast, after the stress application, D. officinale DNA demethylase genes were up-regulated. This result suggested that the cytosine demethylation process was associated with the transcription regulation of genes that act on the cold response in the studied species.




        Salt stress is another condition that negatively affects plant physiology. The sodium ion toxicity and resulting secondary stresses – as osmotic and oxidative – are responsible for the major portion of cellular damage [63]. Cytosine methylation also plays an important role in plant acclimation to salt. In rice, Ferreira et al. [64] demonstrated that the cytosine methylation level under stress is genotype-dependent. These authors reported that leaves of the salt-tolerant accession ‘Pokkali’ showed a 70% decline in total DNA methylation upon salt stress. Its counterpart, ‘IR29’ (salt-sensitive genotype), showed a 14% loss of genomic cytosine methylation, not being considered statistically significant. In ‘Pokkali’, the salt stress-induced demethylation may be linked to active demethylation due to increased expression of DNA demethylases under salt stress. In ‘IR29’, the induction of both DNA demethylases and methyltransferases may explain the lower plasticity of DNA methylation. The authors also showed that mutations for epigenetic regulators affected specific phenotypic parameters associated with salt tolerance, such as the root length and biomass. The adaptation to salt stress influenced by cytosine (de)methylation processes has also been observed in Triticum aestivum [65] and Populus euphratica [66], among others. Other works covering the cytosine (de)methylation impact on plants under abiotic stresses can be seen in Table 1.




        

          Table 1 Some cytosine (de)methylation recent studies for plants under abiotic stresses. *CDm (Cytosine demethylation); Cm (Cytosine methylation).




          

            

              

                	Stress



                	Plant Species



                	Epigenetic Process Reported*



                	Work By

              




              

                	Drought



                	Dendrobium officinale



                	CDm



                	Yu et al. [62]

              


            



            

              

                	Triticum aestivum



                	Cm



                	Gahlaut et al. [58]

              




              

                	Camellia sinensis



                	Cm



                	Zhu et al. [59]

              




              

                	Malus domestica



                	CDm



                	Xu et al. [61]

              




              

                	Hordeum vulgare



                	Cm



                	Surdonja et al. [57]

              




              

                	Cold



                	Dendrobium officinale



                	CDm



                	Yu et al. [62]

              




              

                	Camellia sinensis



                	CDm



                	Zhu et al. [59]

              




              

                	Salt



                	Oryza sativa



                	Cm



                	Wang et al. [67]

              




              

                	Solanum lycopersicum



                	Cm



                	Guo et al. [68]

              




              

                	Arabidopsis thaliana



                	CDm



                	Beyrne et al. [69]

              




              

                	Populus euphratica



                	Cm



                	Su et al. [66]

              




              

                	Triticum aestivum



                	Cm



                	Kumar et al. [65]

              




              

                	Heavy metals



                	Oryza sativa



                	Cm



                	Cong et al. [70]

              




              

                	Nicotiana benthamiana



                	Cm



                	Xin et al. [71]

              




              

                	Heat



                	Arabidopsis thaliana



                	CDm



                	Korotko et al. [72]

              




              

                	Triticum aestivum



                	Cm



                	Gahlaut et al. [58]

              




              

                	Arabidopsis thaliana



                	Cm



                	Liu et al. [73]

              


            

          




        


      




      

        4.2. Cytosine (De)Methylation in Plant Response to Biotic Stresses




        Plants are hubs of organismic interactions. They constantly engage in competitive relations with viruses, bacteria, or fungi. In this context, cytosine (de)methylation also stands out Table (2). Geng et al. [74] analyzed the cytosine (de)methylation dynamics in Aegilops tauschii (a diploid wheat progenitor) under Blumeria graminis f. sp. tritici (Bgt) infection. The mentioned fungus causes powdery mildew disease. The authors identified several CpHpH genomic contexts with reduced methylation levels during the infectious process. These CpHpH regions were associated with genes encoding for kinase receptors, peroxidases, and pathogenesis-related proteins. Regarding the last-mentioned category, the effect of CpHpH hypomethylation was exemplified by the up-regulation of a pathogenesis-related β-1,3-glucanase gene implicated in the Bgt defense.




        

          Table 2 Some cytosine (de)methylation recent studies for plants under pathogen attack. *CDm (Cytosine demethylation); Cm (Cytosine methylation).




          

            

              

                	Pathogen



                	Plant Species



                	The Epigenetic Process Studied*



                	Work By

              


            



            

              

                	Pseudomonas syringae



                	Arabidopsis thaliana



                	CDm



                	Halter et al. [80]

              




              

                	Heterodera glycines



                	Glycine max



                	Cm



                	Rambani et al. [81]

              




              

                	Blumeria graminisi



                	Aegilops tauschii



                	CDm



                	Geng et al. [74]

              




              

                	Phytophthora infestans



                	Solanum tuberosum



                	CDm



                	Kuźnicki et al. [75]

              




              

                	Plasmodiophora brassicae



                	A. thaliana



                	Cm



                	Liégard et al. [82]

              




              

                	Fusarium oxysporum



                	A. thaliana



                	CDm



                	Schumann et al. [83]

              




              

                	Hyaloperonospora arabidopsidis



                	A. thaliana



                	CDm



                	Lopez-Sánchez et al. [84]

              


            

          




        




        Evidence of cytosine methylation pattern alterations was also observed in potato plants' response to Phytophthora infestans. Kuźnicki et al. [75] provided evidence that alterations in cytosine methylation patterns contributed to regulating stress-responsive gene expression for an intergenerational resistance of β-aminobutyric acid-primed potato to the mentioned pathogen.




        Concerning viral challenges, plant epigenetic changes have been reported recently. They, in general, include two main approaches [76]: viral sequence methylation and plant genome methylation. The first one is a plant defense mechanism that uses siRNA-mediated antiviral silencing. This silencing can act by post-transcriptional gene silencing (PTGS; it is not the focus of the present chapter) or transcriptional gene silencing (TGS, which covers the cytosine methylation of the viral genome). DNA viruses are targeted through TGS to restrict their multiplication [77]. The methylated viral genome is usually restricted in its gene expression and movement and leads to plant recovery, which accumulates non-detectable viral genomes and displays no disease phenotype. The second mentioned approach is a viral ‘attack’ strategy. Some virus-encoded proteins act as inhibitors to prevent the viral genome from being methylated [78]. Additionally, these proteins can regulate host (plant) DNA methylation – and, consequently, host transcriptional activity – to some extent [78].




        Concerning plant-bacteria interactions, besides the canonical plant immune system, epigenetic mechanisms have started to emerge as another regulatory entity for plant defense. In this context, Yu et al. [79] observed that the Arabidopsis RMG1 gene (a disease resistance gene encoding an NB-LRR protein) was up-regulated in the flg22 (bacterial flagellin) presence due to the demethylation of its promoter by ROS1 demethylase. In contrast, basal expression and flg22-triggered induction of RMG1 were compromised in ros1 Arabidopsis mutant plants. With the above, the impact of this gene in the Arabidopsis response to Pseudomonas syringae pv. tomato strain DC3000 (Pto DC3000) was also analyzed by Halter et al. [80], which molecularly decoded how RMG1 induction is performed. These authors demonstrated that ROS1 facilitates the flagellin-triggered up-regulation of RMG1 by limiting RdDM at the 3' boundary of a transposable element (TE)-derived repeat embedded in its promoter.




        Additional studies involving the association of cytosine (de)methylation and the response to various biotic stresses are presented in Table 2.


      


    




    

      5. CYTOSINE METHYLATION INHERITANCE IN PLANTS: THE SCIENTIFIC LANDSCAPE




      As sessile organisms, plants are exclusively dependent on their genome to mitigate the effects of unfavorable conditions. The genetics of these organisms have been selected for millions of years by evolutionary forces. Therefore, genome preservation allows the maintenance of the same developmental program and the same stable responses to the environment they inhabit. However, the plant niches are under severe fluctuations (biotic and abiotic) that require specific molecular responses. Such specificity comes from the transcriptional fine-tuning of functional genomic elements (e.g., protein-coding genes, among others). The above observations show us that life maintenance is a multifactorial process. It is not enough for a plant to only contain the gene set that confers adaptability to a given environment. These genes must exhibit an activity state that fits the imposed oscillating needs. Although there is some intersection between the up- or down-regulated gene sets in response to distinct conditions (a phenomenon called crosstalk), there is a specific gene expression ‘setup’ for each situation. Such ‘setup’ specificity for gene activities aims to develop more efficient responses and, therefore, greater adaptability.




      Under stressful conditions, it has been observed that plants tend to flower earlier than normal and produce seeds as soon as possible to conserve the species [85]. In these situations, there are reports that epigenetic modifications anchored in the parental genomes can be transferred to the offspring [63]. The transfer of the epigenetic chromatin status over generations is called epigenetic transgenerational memory (ETM [86]). ETM provides the resulting offspring with some gene activities setup more associated with their inducing condition. Interest in this information transfer has intensified with the boosting of knowledge on epigenetic mechanisms, and the most significant studies on ETM focused on DNA methylation [87].




      The 'ETM in Plants' topic has been widely discussed. The work of Sano and Kim [88] can be considered a reference for the last decade. These authors extensively reviewed the referred theme and found few cases associated with the stringency level of what they considered ETM. A case study was considered as ETM only if:





      

        	The resulting chromatin status was beneficial or at least not detrimental for the organism so that the change could ultimately contribute to evolution;




        	Heritability of the chromatin status at least up to F3 generation (after cross-fertilization);




        	Cases in which altered phenotype is correlated with modified expression (the new chromatin status) of the corresponding gene.


      




      Out of the 12 documented ETM reports, five were in plants: flax [89] Arabidopsis [86], maize [90], snapdragon [91] and pea [92].




      Currently, the ETM topic is still under debate. The scientific literature that addresses it is vast. Some publications textually mention that ‘often, the epigenetic changes are heritable across generations and modulate plant growth and crop tolerance, particularly in response to environmental stimuli’ [93]. In line with the mentioned statement, Heard and Martienssen [94] point out that ‘epigenetic inheritance is relatively common in plants’. From another standpoint, and contrary to the sentences previously stated, Xu et al. [95] suggest that ‘an alteration in plant phenotype caused by a change in intergenerational methylation is still of a rare occurrence’. Despite the conflicting reports, it is widely accepted that the possibility of ETM is greater (or more favorable) in plants [96]. According to Heard and Martienssen [94], the plant germline comes from somatic cells exposed to developmental and/or environmental signals, and many plant species can be clonally disseminated with no germline passage at all. The same authors also suggest that ‘it is perhaps no accident that the inheritance of acquired traits was first proposed by botanists, most famously by Jean-Baptiste Lamarck and most infamously by Trofim Denisovich Lysenko’.




      Recently, more manuscripts reporting plant ETM have been made available in the scientific literature. In the last five years, 66 peer-reviewed works featuring the keywords terms 'epigenetic transgenerational inheritance AND plants' have been published and available on PubMed (https://pubmed.ncbi.nlm.nih.gov/; March 2022) database - developed and maintained by the National Center for Biotechnology Information (NCBI). Of the mentioned works, eleven reports Table 3 really address the ETM topic in plants and in an original form (i.e., they are not review papers).




      

        Table 3 Peer-reviewed works* retrieved using the keywords 'epigenetic transgenerational inheritance AND plants' from the PubMed database (https://pubmed.ncbi.nlm.nih.gov/; March 2022). *published in the last five years (2017-2022); **number of studied generations.




        

          

            

              	Common Name



              	Scientific Name



              	Analyzed Condition or Inducing Agent



              	NSG**



              	Reproduction



              	Work By

            


          



          

            

              	Mayze



              	Zea mays



              	Hybridization between inbred parents



              	Six backcrossings and three selfing generations



              	Sexual



              	Cao et al. [98]

            




            

              	Common bean



              	Phaseolus vulgaris



              	2,6 dichloro-isonicotinic acid



              	Two



              	Sexual



              	Martínez-Aguilar et al. [99]

            




            

              	Dandelion



              	Taraxacum brevicorniculatum



              	Competition



              	One



              	Clonal



              	Puy et al. [100]

            




            

              	Flax



              	Linum usitatissimum



              	Short oligodeoxynucleotides



              	Three



              	Sexual



              	Dzialo et al. [101]

            




            

              	Rice



              	Oryza sativa



              	Heavy metal



              	Two



              	Sexual



              	Cong et al. [70]

            




            

              	Arabidopsis



              	Arabidopsis thaliana



              	Plant asexual reproduction



              	Three



              	Clonal



              	Wibowo et al. [102]

            




            

              	Broadleaved lavender



              	Lavandula latifolia



              	−



              	One



              	Sexual



              	Herrera et al. [103]

            




            

              	Dandelion



              	Taraxacum alatum and T. hemicyclum



              	Drought and salicylic acid



              	Three



              	Clonal



              	Preite et al. [104]

            




            

              	Rice



              	Oryza sativa



              	Salt stress



              	Three



              	Sexual



              	Li et al. [105]

            




            

              	Clover



              	Trifolium repens



              	Soil contamination, above-ground competition, and drought stress



              	Five



              	Clonal



              	Rendina-Gozaléz et al. [97]

            




            

              	Arabidopsis



              	Arabidopsis thaliana



              	Spaceflight



              	Two



              	Sexual



              	Xu et al. [95]

            


          

        




      




      The stringency level for some currently available peer-reviewed works differs from that adopted by Sano and Kim [88]. Some manuscripts consider clonal organisms, while others analyze less than three generations Table 3. Rendina-Gonzaléz et al. [97] Table (3) found that ETM effects under different environmental conditions were highly genotype-specific in white clover (Trifolium repens) and all tested environments triggered ETM effects at least in some genotypes. The authors also report that parental drought stresses triggered an epigenetic change in T. repens, and most of the induced epigenetic changes were maintained across several clonal offspring generations. Xu et al. [95] Table 3, in turn, analyzed the ETM in Arabidopsis thaliana following spaceflight. It was noted that some phenotypic differences still existed in the F2 generation (grown into the soil on Earth). The scientists suggested that epigenetic DNA methylation modifications were partially retained, resulting in phenotypic differences in the offspring. Other selected literature sources can be seen in Table 3.




      Although ETM is not a general plant response, and some authors [106-108] report that most induced epigenetic changes do not advance to the offspring due to meiosis, more evidence is running up regarding stable and heritable environmentally induced epigenetic changes.


    




    

      6. FIRST STEPS FOR CYTOSINE (DE)METHYLATION USE IN CROP BREEDING: AN INTRODUCTION TO ‘EPIBREEDING’




      Classical crop breeding strategies are still powerful tools for obtaining crops with improved agronomical traits. Its potential, however, is being compromised by the notorious decline of genetic variation. Despite that, changing the plants' epigenome as a source of diversification can serve as a promising alternative.




      Modern high-performance sequencing technologies have allowed transcriptomics and epigenomics data accumulation. This informational content, when analyzed together, reveals the DNA methylation influence on the plant molecular physiology, which may be helpful for applications in crop breeding strategies [109]. It is known that many epigenetic modifications are often transient, and plants may revert to the normal phenotype as soon as the treatment (e.g., upon a chemical agent or stress condition) is eliminated. Yet, some epigenetic changes can persist and may be transferred to the progeny even up to many generations. Thus, some epigenome editing technologies have succeeded in introducing desirable traits in crops [110].




      The strategies for epigenetics-mediated crop breeding are called ‘epibreeding’ [111]. For DNA methylation profile modification (hyper or hypomethylation patterns), crop breeders have made use of two basic approaches [110]:





      

        	Genome-wide scale approaches: these methodologies affect the entire methylome (the total distribution of 5mC throughout the genomes) without a specific target;




        	Site-specific approaches: the most current methods. They affect the methylation level of only one target gene.


      




      

        6.1. Knowing the Genome-Wide Scale Epigenome (De)Methylation Tools




        The plant genome global methylation pattern can be modified by different strategies, such as environmental stimulus application for a few generations (e.g., Zheng et al. [112]); use of demethylating chemical agents (e.g., Santi et al. [113]; Baubec et al. [114]); and mutations in DNA methyltransferases (e.g., Le et al. [115]) or DNA demethylases genes (e.g., Fan et al. [116]).




        The Zheng et al. [112] work is an example of the first-mentioned strategy. These authors changed the global methylation profile of two rice varieties by applying drought stimulus to 11 successive generations. They found that multi-generational drought improved the drought adaptability of the offspring in upland fields. It also could be observed that genes with epimutated methylation patterns (most of them hypomethylated) directly participated in stress-responsive pathways and showed a higher level of expression in G11 (generation number 11) than in G0 [112].




        In Arabidopsis, only five generations of hyper-osmotic stimulus (NaCl, 150 mM) were needed to achieve salt tolerance [117]. However, the studied plants gradually lose the epimutated pattern if the stress stimulus ceases [117]. Epigenetic memory acquired in plant exposition to adverse environmental factors may be gradually reset in subsequent generations when the inducing condition disappears but is maintained under unfavorable conditions, such as those often found in crop fields [117].




        Concerning demethylating chemical agents, these substances change the genome methylation pattern in a dose-dependent, homogeneous and transient manner. They covalently bind to DNA methyltransferase enzymes' active sites, inactivating them and accentuating the cytosine hypomethylation. This process, consequently, leads to the activation of silenced loci by DNA methylation marks [114, 118]. In this context, Baubec et al. [114] analyzed the effects of zebularin (a demethylating agent), under different concentrations, in Arabidopsis thaliana. That work reported that the mentioned chemical is a potent inhibitor of genome methylation. Depending on the dose, zebularin severely affected the growth and development of seedlings. However, the zebularin effects could be reversed, even at the highest concentrations, after transferring the plant to the substrate without the chemical.




        Crop breeders have also studied the demethylating agents' potential under stress conditions. In Hibiscus cannabinus, an attenuation of salt stress (50, 100, and 200 mM NaCl) effects were observed in plants pre-treated with 50 µM of 5-azacytidine [119]. An increase in biomass and antioxidant activity also was reported [119]. The demethylating chemical agents also have the potential to increase grass productivity, as seen in wheat plants pre-treated with zebularin [120]. These plants showed increased spikelet numbers [120].




        With the above, it is observed that methylation inhibitors, beyond being a tool for increasing epigenetic variability, are candidates for new agricultural inputs to be applied in crop fields increasingly impacted by climate change and soil salinization after the appropriate feasibility tests.




        The gene inactivation (knockout) of the epigenetic methylation machinery – e.g., genes encoding DNA demethylases [116] and DNA methyltransferases [121] – is another strategy for methylome manipulation. In this context, Fan et al. [116] studied the effects of changes in the methylation pattern in Arabidopsis plants with three DNA demethylase mutated genes (ROS1/DML2/DML3; rdd mutant). The authors reported an increase in DNA methylation levels in the mutants and a greater tolerance to cadmium toxicity (40 mM), with better cellular nutrition of Fe++ in the roots.




        Knockout of DNA methyltransferases genes, in turn, causes much more severe adverse effects when compared with the inactivation of DNA demethylases genes [122]. In rice, the null mutation in the OsMet1-2 gene – the main CG context methyltransferase in that species – caused necrotic death in all germinated seedlings that were homozygous for the mutation, loss of (methyl)CG throughout the genome, deregulated expression of several protein-coding genes, besides activation of transposable elements [122].




        The genes of the (de)methylation proteins can also be turned off by gene silencing techniques, such as antisense RNA [123]. However, Arabidopsis plants transformed with the methyl transferase 1 (MET1, Arabidopsis major methyltransferase) antisense cDNA exhibited several phenotypic and developmental abnormalities [123]. The transformed individuals showed a reduction in plant and leaf sizes, leaves with altered shape, reduced dominance in apical growth, and decreased fertility. In addition, gene expression misregulation was also reported: the expression of genes for floral development in leaf tissue was observed. In wild plants, these genes are exclusively expressed in the floral bud [123]. The knockout of genes controlling the methylation machinery is not indicated for plant breeding, mainly because they have irreversible broad-spectrum effects. However, they have instigated much of the epigenomics knowledge.


      




      

        6.2. Artificial Site-Specific (De)Methylation Editing Tools




        Due to its specificity, artificial site-specific methylome modifications can be more informative than genome-scale artificial (de)methylation methodologies. Epigenome editing tools use targeted methylation proteins and consist of two main components: a DNA-binding domain, which connects to a specific genomic locus, and a functional domain, which performs the editing or regulatory function [110, 124]. The main epigenetic editing tools are grounded in three different DNA-binding strategies: Zinc finger (ZF) proteins [125]; Transcription activator-like effectors (TALEs) [126]; and the Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein Cas9 [127].




        

          6.2.1. Zinc Finger Proteins




          Zinc finger (ZF) proteins represent the first discovered site-specific tool for epigenetic pattern modification [128]. DNA-binding ZF domains are present in many transcription factors and can be artificially modified to recognize and bind to specific DNA triplets (for a review, see Sera e Uranga [129]). Johnson et al. [130] observed that the coupling of a ZF protein with SUVH2 (a protein involved in the RdDM pathway) was sufficient to perform RdDM in an unmethylated FWA (FLOWERING WAGENINGEN) gene. FWA transcriptional repression resulted in the early flowering of Arabidopsis plants.




          Demethylase enzymes can also be coupled to ZF proteins, resulting in the activation of specific genes, as reported by Gallego-Bartolomé et al. [131]. These authors used the human TET1 (TEN-ELEVEN TRANSLOCATION 1, a demethylase enzyme) catalytic domain coupled with an artificial ZF protein to target the FWA gene in Arabidopsis. As a result, the up-regulation of the referred gene and consequently the heritable late-flowering phenotype were reported.


        




        

          6.2.2. Transcription Activator-like Effector (TALEs)




          Transcription Activator-like Effectors (TALEs) are important virulence factors secreted by some phytopathogenic bacteria of the Xanthomonas group. This protein group activates the transcription of specific genes in host plants to facilitate bacterial colonization [132, 133]. TALEs comprise a category of improved DNA-binding proteins compared to ZFs. Each TALE domain recognizes and binds to a single nucleotide, allowing greater flexibility in design [134]. However, its size is much larger than the ZFs size, and this feature limits the TALEs access to some sequences in genomes [110]. The TALE-DNA methyltransferase or TALE-DNA demethylase assemblies have been efficient for epigenetic editing but exclusively in animal cell lines so far [128, 135].


        




        

          6.2.3. CRISPR/Dcas9-Methyltransferase System




          Originating from Streptococcus pyogenes immune apparatus, the CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats/endonuclease CRISPR-associated protein 9) system was adapted for a highly accurate and efficient DNA editing technology [136]. The mentioned approach has generated much optimism in the scientific community, especially because it is faster, cheaper, more accurate, and more efficient than other genome editing methods.




          In methylome site-specific editing assays, an inactivated version of the endonuclease Cas9 (dCas9) is fused to a DNA methyltransferase or a TET1 (a demethylase enzyme) catalytic domain. In addition to these enzymes, the dCas9/guide RNAs are used to site-specifically target the locus to be edited. The obtained construct acts on, respectively, cytosine methylation and demethylation [137, 138]. In Arabidopsis, Papikian et al. [139] induced the FWA gene promoter’s cytosine methylation by the CRISPR-based system. The construct consisted of an endonuclease dCas9 fused with the catalytic domain of the Nicotiana tabacum DRM methyltransferase and dCas9/guide RNA. The FWA gene silencing resulted in an early flowering phenotype.




          In the cytosine demethylation context, there are still no reports of the CRISPR/dCas9 system application in plants. However, the successful application in mammals [138] indicates that the CRISPR/dCas9 system can be an applicable tool for activating genes of agronomic interest.




          As noted, some strategies for epigenetic marks changing have the potential to provide a powerful toolbox for crop breeders. However, such studies are in their infancy, and most mechanistic works are based on information from model plants due to the challenges that arise when working with crops.


        


      


    




    

      CONCLUSION AND PERSPECTIVES




      The epigenetic phenomena broke down paradigms and profoundly affected our understanding of how genetic information is controlled. Plants rely extensively on gene expression changes to respond to environmental stimuli, and chromatin-based gene expression regulation is critical for these responses. DNA (de)methylation is a well-studied chromatin alteration in plants and can be inherited stably, both after cell divisions and, to a degree, throughout generations. Plants appear to have a lower chromatin ‘resetting’ level during sexual reproduction than animal species. Considering ETM, an increasing number of works have demonstrated such an event, although with lower stringency levels than that adopted in the Sano and Kim [88] work.




      We can see the enormous progress that has been made from the first discovery of epigenetic events to the present day, when we can pinpoint epigenetic modifications all over the genome. Following that, we hope to see these breakthroughs converted into useful applications for plant breeders and consumers. Experiments on epigenome editing applications in crop breeding have yielded promising results so far. Future works will reveal if epigenome manipulation can deliver its potential utility in crop improvement.
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