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    The Flow cytometry technique is currently employed in various fields of research. The technique is also used in modern biosystematics, speciation, evolutionary studies and in molecular breeding. Various factors influence the quality of active nuclei isolation, which determines the success of accurate DNA estimation. The importance of extraction buffer, reference standards, fluorochrome dyes, and the process of gating is highlighted in order to understand the various steps of flow cytometry in measuring DNA. An array of compounds act as inhibitors, disrupts fluorochrome binding to DNA, and cause errors in estimating nuclear DNA content; all the above important factors are described in one chapter. Micropropagation using shoot tips and nodal stems produces true-to type plants, while callus regenerated plants show somaclonal variations - a process showing altered DNA. The role of flow cytometry in investigating the genetic homogeneity of tissue cultured populations is reviewed in different chapters. The intra-specific and inter-specific genome and chromosome number variation with reference to gene duplication and DNA sequence loss have been described. To establish the genetic homogeneity / fidelity of regenerated plants, several DNA marker based techniques have been used. Start codon targeted polymorphism (SCoT) has emerged as one of the recently used DNA fingerprinting techniques to assess the genetic stability of tissue cultured plants and for revealingreveal cultivar differentiation and genetic diversity between wild and domesticated plants. A few chapters described the importance, applications and limitations of various molecular markers in studying genetic homogeneity, somaclonal variants and polyploidy in different groups of plants.




    Much of the information is available on the website; the need to accumulate cutting-edge knowledge and flow cytometry techniques in a structured book format is still essential. I sincerely hope that this updated literature of the above research will be very useful resource material to a wide range of people, especially researchers, graduate students, teachers and other professionals in various disciplines like Botany, Biotechnology, Agriculture, Horticulture, Pharmacology and other research fields.
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      Abstract




      The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-CRISPR-associated protein (Cas)-mediated genome editing is a recently developed gene editing technology, which has transformed functional and applied genomics. This technology is precise, cost-efficient, and rapid than other previously developed genome editing tools such as Meganucleases (MNs), Zinc-Finger Nucleases (ZFNs) and Transcription Activator-Like Effector Nucleases (TALENs). The CRISPR-Cas9 system is widely exploited for developing plants with enhanced tolerance towards various environmental stresses, resistance against pathogens, improved yield and nutritional superiority. The method is robustly applied to alter both DNA and RNA at specific target regions. The availability of well annotated genome sequence and an efficient genetic transformation system may open numerous possibilities to gain desirable traits in crop plants employing CRISPR-Cas-mediated genome editing technology. In this chapter, we summarized the basics of CRISPR-Cas technology, various kinds of CRISPR systems and their associated Cas proteins, application in generating abiotic and biotic stress tolerant crops, and bottlenecks of CRISPR-Cas systems.
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      INTRODUCTION




      The swiftly rising human population is projected to reach ~10 billion by the end of 2050. To meet the demand of food supply for all, the productivity of the existing crop system needs to be extended further. In addition, crop loss due to various biotic and environmental constraints is needed to be restricted. Due to the continuous global climate change, a significant reduction in cereal grain productivity has been reported, which is a major threat to food security [1].




      Several crop improvement programmes, including molecular breeding and biotechnological approaches, have resulted in the identification of genetic determinants underlying superior agronomical traits. The information has been employed to generate genetically improved varieties conferring tolerance /resistance to abiotic/pathogen stress or nearing biofortification for nutritional traits. Knockout or knockdown of a gene through RNAi or VIGS as per conventional functional genomic approach is largely being replaced by the recently developed Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)-CRISPR-associated protein (CRISPR-Cas)-mediated targeted genome editing.




      In the last decade, the CRISPR-Cas system has gained much attention due to its precise targeting, versatility, high efficiency, and minimal or negligible effects on non-target DNA regions. The CRISPR-Cas system relies on RNA-DNA recognition to induce a double-strand break, unlike Zinc-Finger Nucleases (ZFNs) and Transcription Activator-Like Effector Nucleases (TALENs), which require protein motifs for target recognition. CRISPR-Cas acts as an adaptive immune system in prokaryotic organisms, which provides resistance to them against foreign DNA [2]. The CRISPR-Cas system consists of two components: a customizable single stranded guide RNA (gRNA) and a Cas endonuclease. The gRNA is created by fusing a CRISPR RNA (crRNA) and a trans-activating crRNA (tracrRNA), and is responsible to locate the target nucleic acid by sequence complementarity. A 2-5 bp protospacer adjacent motif (PAM) is required by the Cas protein to recognize, bind, and cleave the target site. The double stranded break on DNA is created by the Cas-gRNA complex followed by subsequent repair either through homologous recombination (HR) or non-homologous end joining (NHEJ) method. NHEJ-based DNA repair is an error prone pathway that creates random changes, either insertions or deletions of nucleotide base, causing point mutations which usually lead to the knockout of genes [3] (Fig. 1). The target sequences could be within the coding region of a gene or in the non-coding parts such as promoter, untranslated regions, or regulatory sequences. However, to get the best result for the knockout of a functional gene, the gRNA target sequence should be selected within the coding region, especially towards the 5’ end of the sequence. Untranslated regions, intron-exon junction or intergenic regions should be avoided. Multiple sites can also be targeted simultaneously within the same tissue as guided by different gRNAs specific to their target sites. The CRISPR platform is being widely deployed for introducing new traits by disrupting the function of a protein that negatively correlates with stress tolerance, disease infestation, yield, and nutritional quality by creating small insertions or deletions of less than 100 bp.




      
[image: ]


Fig. (1))


      Mechanism of CRISPR-Cas-mediated gene editing system. Guide RNA (gRNA) directs the Cas protein to the target DNA region to induce double stranded nick near the PAM sequence. The breaks on DNA are repaired either by nonhomologous end joining (NHEJ) or homology directed repair (HDR). The NHEJ repair pathway usually results in InDel mutations, whereas the HDR pathway employs an identical DNA template which can be used to insert, replace, and mutate the target gene or DNA region. Image created using Biorender.com.

    




    

      CRISPR-CAS SYSTEM AND THEIR NUCLEASES




      The CRISPR-Cas system has been broadly categorized into two classes: class 1 that utilizes multiple Cas protein complexes to degrade foreign genetic materials and class 2 that employs single Cas protein. Class 1 is further sub-divided into Type I, III, and IV, whereas class 2 into II, V, and VI [4]. The most commonly used Cas9 nucleases are the component of the type II CRISPR-Cas system. They are RNA-directed DNA endonucleases consisting of HNH and RuvC nuclease domain which makes double stranded breaks (DSBs) of target and non-target DNA strands, respectively. Inactivation of any of these two nuclease domains generates a Cas9 nickase (nCas9) which makes nicks only on one strand. nCas9 is mostly used in precise genome editing through base editors and primer editors, which do not require DSBs [5]. Several orthologs and variants of Cas9 with different PAM sequence preferences have been isolated and used in the editing of plant genomes [6] Table 1.




      

        Table 1 Different Cas9 orthologs and their variants with PAM sequences and their functional characteristics.




        

          

            

              	Cas9



              	Source



              	PAM Sequence


              (5’-3’)



              	Properties

            




            

              	SpCas9



              	Streptococcus pyrogenes



              	NGG



              	Produces blunt end cuts

            




            

              	dCas9



              	Deactivated SpCas9



              	NGG



              	Requires for transcriptional regulation

            




            

              	Cas9n



              	SpCas9 nickase



              	NGG



              	Generates single stand break

            




            

              	dCas9-cm



              	dCas9 fused with cytidine deaminase



              	NGG



              	Generates point mutations

            




            

              	StCas9



              	Streptococcus thermophilus



              	NNAGAAW



              	Lower off-target effects

            




            

              	NmCas9



              	Neisseria meningitidis



              	NNNNGATT



              	Lower off-target effects

            




            

              	SaCas9



              	Staphylococcus aureus



              	NNGRRT NNGRR


              (N)



              	Lower off-target effects

            




            

              	Cpf1



              	Prevoltella and Francisella1



              	TTN



              	Generates sticky ends

            




            

              	dCpf1



              	Deactivated Cpf1



              	TTN



              	Requires for transcriptional regulation

            


          

        




      




      Cas12 belongs to type V endonuclease containing a single RuvC-like domain that creates staggered ends by cleaving at both target and non-target strands [7]. Cas12a (previously known as Cpf1) was the first Cas12 endonuclease to be used as a gene editing tool. Cas12a only requires a crRNA, while Cas12b needs both a crRNA and tracrRNA to facilitate the genome editing [8]. Other Cas12 nucleases such as Cas12c, Cas12d, Cas12h, and Cas12i possess RNA-directed DNA interference properties in Escherichia coli; Cas12e and Cas12j have been used as a CRISPR-Cas tool in eukaryotic cells; and Cas12g is an RNA-directed ribonuclease with intrinsic RNAase and single-stranded DNAase activities [9]. The various orthologs of Cas12 have different PAM recognition sites and engineered Cas12 variants with lower PAM constraints are also there to enhance the efficiency of genome editing.




      Cas13 endonucleases are RNA-directed ribonucleases, containing two higher eukaryotes and prokaryotes nucleotide-binding domain (HEPN) for precise RNA cleavage, and belong to the type VI CRISPR-Cas system. They require only crRNA to cut their target RNA [10]. Several orthologs of Cas13 nucleases have also been used to produce stable gene knockdown lines in plants and animals, nucleic acid detection, transcript tracking, and to perform pull down assays of RNA binding proteins. Cas13b can be used as an RNA base editor by combining catalytically inactive Cas13b (dCas13b) with the adenosine deaminase domain of adenosine deaminase acting on RNA type 2 (ADAR2) [11]. The dCas13 can also be used to create RNA repair, targeted localization of transcripts, and epitranscriptomic modifications. Type I of class 1 CRISPR system is widely present in the prokaryotic system and uses effector proteins with multiple subunits. This class is mostly used for generating longer deletions in the target genome. Mostly used nucleases of this class are Cas3 and Cas8 endonucleases. The multiple subunit Cas protein with crRNA forms an R-loop structure after binding to the target DNA [12]. Type III CRISPR system is designed to degrade RNA, utilized for either several Cas proteins or single effector proteins generated by the fusion of multiple Cas proteins to cleave target nucleic acid.




      

        Application of CRISPR-Cas-Mediated Genome Editing in Abiotic Stress Tolerance in Plants




        In spite of the significant contribution of conventional plant breeding in global crop improvement and food production, more efficient and faster methodologies are immediately required for sustainable food production in the rapidly changing environment. Plants are constantly subjected to various stresses due to their sessile habit and global climate change affecting their productivity and yield. With the advancement in molecular biology techniques, plants can now be genetically modified faster and with increased efficiency. Any gene of interest with a potential role in tolerance to abiotic stress can be edited/mutated by newly emerged CRISPR-Cas9 technology for altered regulation [13]. Because of the simplified available protocols, low cost and high potential, this technique has become an evidently accepted tool for genetic manipulation of crop plants subjected to various abiotic stresses. Overcoming the drawbacks of RNAi and other knockdown approaches, these have been utilized for the generation of genetically modified plants for sustainable agriculture and future food security. Till date, multiple cereal crop and fruit crop plants have been genetically manipulated by this emerging technique to enhance the yield of a crop subjected to yield related traits and various stresses.




        

          Modification in Yield-Related Traits




          The yield of a crop is a quantitative parameter which is affected by multiple factors, including genotype and environmental factors. The scenario of world agriculture today is a result of the significant contribution of breeding advancements in plants. Plant breeders first select the appropriate and compatible parents for the cross, which is followed by designing the cross protocol. Finally, the parents are hybridised and selected for the desired traits for subsequent generations to obtain breeding lines harbouring the trait of interest. This entire process may take years and years to accomplish. On the contrary side, CRISPR-Cas9 technology for mutagenesis has revealed its potential for rapid improvement in crop yield and quality parameters. An alteration of major genes involved in these traits can be precisely altered. This method fairly outperforms the classical breeding procedure followed by the selection of offspring. One report shows the mutagenesis of yield related genes in rice, including Grain Number 1a (Gn1a), Ideal Plant Architecture1 (IPA1), Grain Size 3 (GS3) and DENSE AND ERECT PANICLE (DEP1) [14]. Editing of these genes greatly affected the architecture, grain size, grain number and tiller number with a mutation rate of 27.5–67.5%. These results show the role of multiple regulators of a single trait which can be modified in a plant by CRISPR/Cas9 technology to increase the yield. Zhang et al. [15] reported transgene free genome editing through transient expression of CRISPR/Cas9 DNA and RNA in wheat. Plant transformation for overexpression and knockdown regulation of a gene is sometimes unfavourable because of the involvement of the usage of intermediates which raises some regulatory concerns for variety release approval. In this study, plant tissue was dedifferentiated into callus mass, and transformed with CRISPR/Cas9 with DNA or RNA expressing transiently. Then the callus mass was regenerated to achieve transgene free homozygous mutant lines of wheat in the T0 generation. This efficient protocol was used for expression-based genome-editing system to induce mutation in hexaploid bread wheat (Triticum aestivum L, AABBDD, 2n=6x=42) and tetraploid durum wheat (T. turgidum L. var. durum, AABB, 2n=4x=28) which were further analysed to be transgene free. Another study by Beying et al. [16] shows the reciprocal translocation of Mb region between heterologous chromosomes in Arabidopsis thaliana using Cas9 nuclease isolated from Staphylococcus aureus. Molecular and cytological analysis confirmed the exchange of chromosome arms in chromosomes 1 and 2 and between chromosomes 1 and 5. This exchange of DNA fragments between chromosomes was even found to be conservative and reciprocal in nature. This artificial chromosomal translocation mimics genome evolution or chromosome modification. Translocation helps in breaking or fixing the genetic linkages between traits present on different chromosomes in a genome. During the procedure, not only the harmful or unwanted segments are translocated, but required or beneficial features may also be appended.




          The yield of a crop plant is critically regulated by plant growth hormones and their molecular regulators. For instance, cytokinin is a well-known plant hormone affecting the yield of a plant. Wang et al. [17] edited the C-terminus of the OsLOG5 gene in rice. OsLOG5 codes for a cytokinin oxidation enzyme which, upon editing, enhanced the grain yield in rice during various environmental conditions. Likewise, knocking out CKX (Cytokinin oxidase/dehydrogenase) enzyme gave a high yield phenotype in wheat plants [17]. Not only cereal crop plants but genomes of fruit crops have also been edited to improve the yield, including CLV gene [18] and ENO [19].


        




        

          Alteration in Nitrogen Use Efficiency (NUE) and Herbicide Tolerance




          Nitrogen is a macronutrient which is essentially required by plants for their proper growth and development. Nitrogen deficiency leads to a decrease in chlorophyll content in plants leading to yellowing of the leaves. Plants with high nitrogen use efficiency are favoured in low nitrogen soil for cultivation. Two rice subspecies indica and japonica have good yield but differential nitrogen use efficiency. Genetic dissection of this trait revealed a gene NRT1.1B (a nitrogen transporter) to be responsible for the trait present in indica subspecies [20]. Field tests with improved isogenic lines and transgenic lines showed improved grain yield and nitrogen use efficiency of japonica subspecies with the NRT1.1B allele. Preliminary study reveals increased nitrogen use efficiency when NRT1.1B was base mutated from C to T using the CRISPR-Cas9-xyr5APOBEC1 base editing system. This point mutation with a substitution frequency of about 1.5-11.5% resulted in improved nitrogen use efficiency in rice [20]. Shimanti et al. [21] were also able to achieve herbicide resistance in rice plants by introducing multiple point mutations using multiple base editing approach. A very similar study by Yu and Powles [22] shows increased resistance to herbicides during development that was achieved by a point mutation in AHAS (Acetohydroxyacid synthase) gene in rice. Developing herbicide tolerant wheat germplasm against sulfonylurea-, imidazolinone- and aryloxyphenoxy propionate-type herbicides was achieved by Zhang et al. [23]. These transgene free wheat germplasms were developed by mutations in acetolactate synthase (ALS) and acetyl-coenzyme A carboxylase genes. In addition, base editing at wheat ALS Pro-174 codon (TaALSP-174) provided wheat plants the resistance to nicosulfuron herbicide for the selection of mutants. While developing tolerance, a new selectable marker in wheat was also discovered as a result of a single base editing.


        




        

          Alteration in Multiple Abiotic Stress Tolerance




          ABA is a phytohormone, whose role is imperative in abiotic stress tolerance in plants, especially during drought stress. Paixão et al. [24] used CRISPR-Cas9 genome editing for activating endogenous ABRE1 (ABA responsive element binding protein 1) promoter in Arabidopsis. In this study, dCas9 was fused with HAT (Histone acetyltransferase) to generate CRISPR/dCas9HAT to improve drought stress tolerance in A. thaliana. Similarly, salt and oxidative stress tolerance phenotype was achieved in rice by knocking out OsPQT3(PARAQUAT TOLERANCE 3) by Alfatih et al. [25]. PQT3 in Arabidopsis encodes for E3 ubiquitin ligase, knockout of which resulted in enhanced tolerance to various abiotic stresses. This conserved role of PQT3 in rice and Arabidopsis makes it a promising locus to be edited for crop improvement. To proceed with, PYR1 (Pyrabactin resistance 1) is a protein that senses the phytohormone ABA. CRISPR-Cas9 technology was used to edit group I and group II PYL (PYR Like) genes by Miao et al. [26]. Among all the mutants generated, pyl1/4/6 showed the best growth and grain productivity in natural paddy growth conditions with heat stress in the Shanghai region of China.




          Heavy metal stress in plants is also a major concern nowadays in fields with accumulated heavy metals and plants with low heavy metal tolerance. With the usage of crop plants like rice as a staple food by a major proportion of the world’s population, heavy metals like cadmium, due to excessive concentration in rice, are harmful for consumption and become a serious threat to health. Tang et al. [27] have reported transgene free new indica rice lines with reduced levels of cadmium. This was achieved by knocking out the metal transporter gene OsNramp5 using the CRISPR-Cas9 system. A brief study by Osakabe et al. [28] shows the use of truncated gRNA (tru-gRNA) to generate new alleles for OST2, which acts as a proton pump in Arabidopsis. Resultant mutations in CRISPR generated transgenic plants were detected with a high mutation rate of about 32.8% without off-targets. Mutants showed altered stomatal closing in response to environmental conditions along with heavy metal tolerance. One another report explains about mutation in AGOS8 protein in maize, which is a negative regulator of ethylene response. Arabidopsis plant constitutively expressing AGOS8 shows drought tolerant phenotype with enhanced grain yield [29, 30]. Genomic DNA of the AGOS8 locus was precisely mutated by CRISPR-Cas-enabled advanced breeding technology to develop novel variants of AGOS8. After mutation and regeneration of plants, a field study confirmed increased grain yield by five bushels per acre under flowering stress conditions, and no or minimal yield loss was observed under sufficient watered conditions. In this way, novel allelic variation was achieved by mutating inherent protein coding genes to improve drought stress tolerance in maize plants.


        


      




      

        Application of CRISPR-Cas-Mediated Genome Editing in Pathogen Stress Tolerance in Plants




        One of the world’s biggest concerns at present is the growing need for agricultural products. With an increase in the population, the demand for several agricultural commodities has risen rapidly, especially the crop products like rice, wheat, etc. The majority of the global population depends on these crops for living. The overall global agricultural production is quite huge. As per the Food and Agriculture Organization (FAO), the global cereal production in 2021 is about 2800.8 million tonnes [31]. But it’s still not enough to feed the entire world’s population. People in many countries are facing malnutrition because of a lack of a proper nutritional diet. Around 45% of deaths of children less than 5 years of age are due to malnutrition in these countries [32]. Apart from less productivity, one of the biggest hindrances in agriculture is the loss of harvest. A significant proportion of the crop produced every year gets wasted due to various reasons worldwide. Among several factors affecting crop production, plant pathogenic organisms stay at the top. Each and every crop in the field faces some kind of biotic stress from one-to-many species of pathogens leading to a drastic loss in overall production. Brown spot disease of rice caused by the fungi Helminthosporium oryzae is one such highly pathogenic fungi of rice. It caused one of the world’s worst agricultural crises, named the “Great Bengal Famine” of 1943, resulting in the demise of around three million people [33].




        There are various kinds of biotic agents. They show a great diversity from living to non-living agents. Non-living agents outside their host include different types of viruses, which are further divided into DNA and RNA viruses based on their genomic properties. Whereas the living proportion of plant pathogenic biotic agents varies from unicellular prokaryotic organisms like bacteria to multicellular eukaryotic organisms like fungi, nematodes, arthropods and even herbivores Table 2.




        

          Table 2 List of some devastating plant pathogens and their host crops.




          

            

              

                	Pathogen



                	Name



                	Host



                	References

              




              

                	Virus



                	Tomato Leaf Curl New Delhi Virus



                	Tomato



                	[34]

              




              

                	Tomato Yellow Leaf Curl Virus



                	Tomato



                	[35]

              




              

                	Cauliflower Mosaic Virus



                	Cauliflower



                	[36]

              




              

                	Tobacco Mosaic Virus



                	Tobacco



                	[36]

              




              

                	Fungi



                	Magnaporthe grisea



                	Rice



                	[37]

              




              

                	
Puccinia graminis f. sp. tritici




                	Wheat



                	[37]

              




              

                	Ustilago hordei



                	Barley



                	[37]

              




              

                	Claviceps purpurea



                	Rye



                	[37]

              




              

                	Bacteria



                	Xanthomonas oryzae



                	Rice



                	[38]

              




              

                	Erwinia amylovora



                	Apple



                	[39]

              




              

                	Burkholderia glumae



                	Rice



                	[40]

              




              

                	
Pseudomonas syringae pv tomato



                	Tomato



                	[41]

              


            

          




        




        Protecting a plant from disease requires in depth knowledge of the disease and the mechanism of disease establishment. Understanding the mode of pathogenesis helps find effective ways to tackle the disease by making the plant resistant to the pathogen. The modes of pathogenesis vary largely depending on the pathogen. One such renowned pathogen is a virus. The viruses have an interesting mechanism of infection. Viruses require certain vectors for their transmission from one host to the other. When the vectors feed on the plant, they release the viruses inside the plant and hence they start their infection cycle. Viruses, being a non-living entity, do not have their own replication machinery; instead, they hijack the host replication machinery and multiply their genome. They also manipulate host transcription and translation machinery to express their genes. In one way, the viral proteins help them multiply their genome and in another way, they suppress host defense strategies to facilitate disease establishment. Symptoms of such diseases may vary from mild to severe, resulting in serious consequences, which include loss of yield to even death of the plant.




        Apart from abiotic stress tolerance, efficiency of nutrient use and improving grain quality, the recent trend also includes developing ways to protect plants from viruses, bacteria and fungi through the CRISPR-Cas system [42]. The increasing pathogenicity of the biotic agents is a critical problem in the agricultural field. Formulating strategies to protect the plant from pathogenic infection is therefore very much important. The novel CRISPR-Cas technique has been used in many aspects to protect plants from various pathogens successfully.




        

          CRISPR-Cas Based Plant Genome Editing and Viral Resistance




          Viruses are obligate parasites which means they are completely dependent on their host for their multiplication. Viruses use the host replication machinery to replicate their genome and transcription and translation machinery to express their genes that facilitate virulence. In some cases, the viruses suppress certain plant genes to overcome plant defense and cause infection. Those genes are called resistance genes. Whereas genes that help a pathogen to sustain or enhance disease establishment is called a susceptible gene. Unlike resistance genes, viruses tend to induce susceptible gene expression. For example, cap binding protein (CBP) eIF4E that enhances transcription in plants or PCNA that is a prerequisite for DNA replication may be a prime target for viral proteins for their own benefits. Knocking out such genes with CRISPR-Cas may induce plant immunity and help the plant resist the virus [43, 44]. eIF4E is an excellent example of CRISPR based plant defense establishment. CRISPR-mediated double stranded break in the eIF4E gene leads to complete resistance of Arabidopsis from Turnip mosaic virus (TuMV) [45]. Apart from breaks in DNA, modification in nucleotides may also help plants resist viruses. eIF4E1, a susceptible allele when subjected to point mutation by CRISPR-nCas9-cytidine deaminase, led to resistance from Clover yellow vein virus in Arabidopsis [46]. Other such examples include mutating the coilin gene, a susceptible gene, through CRISPR-Cas, which makes plants resistant to PotyvirusY [47]. Many such proteins are responsible for inducing viral infection via direct or indirect interaction. eIF4G is another such gene that helps Rice tungro spherical virus and Rice tungro bacilliform virus, popularly known for causing serious disease, i.e., rice tungro disease in rice [48]. CRISPR-Cas based knockout of such susceptible genes provides resistance to the plants from highly infectious plant viruses.




          Not only plants but the viruses have also been mutated to achieve resistance from plant pathogenic viruses. Previously, gene silencing based on the RNAi approach was used to generate resistant plants. But the advantage of CRISPR made it obvious to be more beneficial for generating plants resistant to pathogenic viruses. Apart from targeting plant susceptible genes, direct modification of viral genes is another approach to escape viral disease establishment [42]. The Geminiviridae family is one of the deadliest plant viruses comprising either DNA or RNA genome containing viruses. Beet severe curly top virus and Yellow dwarf virus are the first to be targeted for CRISPR mediated genetic engineering to provide resistance to Nicotiana benthamiana and A. Thaliana [49, 50]. In these cases, overexpression of guide RNA coding for viral genomic fragments helps in providing resistance to a wide range of viruses apart from the concerned one. As per Yin et al. [51], Cotton Leaf Curl Multan virus replication associated protein and IR specific gRNA expressing transgenic plant shows CRISPR based resistance to leaf curl disease. Targeting intergenic, coding and noncoding regions has also been proven to be effective against many viruses [52]. In such ways, targeting the viral genome by the CRISPR-Cas approach has been successful in generating virus resilient crops. gRNA may be designed in such a way that they can target multiple genomic segments of the virus, providing broad spectrum resistance to the plant. According to Roy et al. [53], multiplexed gRNA strategy provides resistance to tobacco plants against Chilli leaf curl virus. Similarly, multiple gRNAs can also be incorporated in defending a plant against viruses. For example, multiple gRNA targeting Cauliflower mosaic virus coat protein shows resistance to Caulimovirus in tobacco [54].




          The majority of plant viruses include RNA genome, a more virulent form of viruses, possessing threat to a wide range of plants. The CRISPR-Cas system has also been used against single stranded RNA viruses. In such cases, FnCas9 and CRISPR-Cas13a have been used [55, 56]. FnCas9 from Francisellano vicida interferes with the replication and translation of viral genome [55]. Cas13 from Leptotrichia shahii has two RNase domains making it efficient in cleaving viral RNA genome [57]. FnCas9 and CRISPR-Cas13a have been used to generate plants resistant to Cucumber mosaic virus, Tobacco mosaic virus, Potyvirus and Turnip mosaic virus, respectively [56, 58]. Targeting viral genomes through the CRISPR-Cas system for generating viral disease resistance in plants has become significant in this field.


        




        

          



          CRISPR Approach as an Antifungal Defense




          Fungal diseases are very much aggressive in terms of spread and yield loss. With higher polymorphism in effector proteins of fungi, it is very hard to control fungal infection with conventional strategies. This makes CRISPR based strategy a prime need for protecting plants from fungal diseases. Similar to viruses, susceptible genes also help fungal diseases. Powdery mildew is one such fungal disease occurring in a wide range of plants and causing huge crop loss. Mildew resistant LOCUS is responsible for the powdery mildew in plants. CRISPR-Cas9 based editing of such genes provides plants resistance against powdery mildew causing fungi Blumeriagraminis f. sp. Hordei [59]. SlMLO1 locus of Solanum lycopersicum shows resistance to powdery mildew upon CRISPR/Cas9 based deletion of 48bp region within the locus [60]. MLO-6 and DMR are other susceptible genes that were subjected to CRISPR-Cas9 based editing to provide resistance from downy mildew and powdery mildew in grapes [61]. Apart from the above-mentioned two diseases, CRISPR based editing of StDMR6 helped in late blight disease resistance in potato [62]. Plant pathogens hijack certain transcription factors, for instance, ethylene responsive factor (ERF) that is responsible for providing immunity against the host. CRISPR-Cas9 based mutation of OsERF922 helped overcome such drawbacks and make plants resistant to Magnaporthe oryzae [63, 64]. From knocking out of mitogen activated protein kinase (MPK), making rice resistant to M. grisea, to knocking out of miRNA SlymiR482e-3p, making tomato plant resistant to Fusarium oxysporum f. spLycopersici, CRISPR-Cas9 is proven to be an excellent tool to be effective against disease causing fungi [40, 65].


        




        

          CRISPR-Cas9 Based Genome Editing in Bacterial Disease Resistance




          There is an abundance of bacteria that causes plant disease ranging from mild to extremely severe. Each and every year, bacterial disease results in a huge amount of crop loss globally. Preventing bacterial infection is very much needed to enhance global agroeconomy. Similar to viruses and fungi, bacteria also take the help of certain susceptible genes to facilitate disease establishment. Plant sucrose transporters SWEET are susceptible genes. Bacteria Xanthomonas oryzae uses SWEET proteins to facilitate disease establishment. CRISPR-Cas9 based mutation in OsSWEET13 and OsSWEET14 genes helped rice plants resist bacterial blight [66, 38]. Recent studies show CRISPR based promoter specific mutation of SWEET11, SWEET13 and SWEET14 genes make rice plants immune to bacterial blight [67]. Other examples include editing of OsMPK5, making rice resistant to Burkholderia glumae [40]. CRISPR-Cas9 has also been used to generate plants resistant to Pyricularia oryzae and Erwinia amylovora [68, 69]. In an interesting phenomenon, Pseudomonas syringae pv. tomato (Pto) DC3000 produces a mimic compound called coronatine (COR) which imitates jasmonic acid and tricks the plant to reopen stomata making easy entry of the bacteria inside the plant. CRISPR-Cas9 dependent knockout of SlJAZ2 results in suppression of such decoy mechanism and help tomato plants resist the bacteria [41]. Other interesting applications of CRISPR-Cas9 approach include the knockout of DMR6, resulting in the generation of Xanthomonas Wilt resistant Musa sp [70]. Diminishing the effects of susceptible genes not vital for normal physiology of the plant helps the plant overcome bacterial infection and the CRISPR-Cas9 approach is therefore an excellent choice for that. Table 3 includes information on recent CRISPR/Cas9 based genome editing in biotic stress management.




          

            Table 3 List of genes targeted through CSISPR/Cas9 in biotic stress management.




            

              

                

                  	



                  	Gene targeted



                  	Pathogen



                  	Plant



                  	References

                




                

                  	Virus



                  	eIF4E



                  	Turnip mosaic virus



                  	Arabidopsis



                  	[45]

                




                

                  	eIF4E1



                  	Clover yellow vein virus



                  	Arabidopsis



                  	[46]

                




                

                  	Coilin



                  	Potyvirus Y



                  	Potato



                  	[47]

                




                

                  	eIF4G



                  	Rice tungro spherical virus, Rice tungro bacilliform virus



                  	Rice



                  	[48]

                




                

                  	Fungi



                  	SlPMR4



                  	Oidium neolycopersici



                  	Tomato



                  	[71]

                




                

                  	OsSEC3A



                  	Magnaportheoryzae



                  	Rice



                  	[72]

                




                

                  	SlMLO1



                  	Oidium sp., Tomato yellow leaf curl virus



                  	Tomato



                  	[60]

                




                

                  	OsERF922



                  	Magnaportheoryzae



                  	Rice



                  	[64]

                




                

                  	TaEDR1



                  	Erysiphe



                  	Wheat



                  	[73]

                




                

                  	VvWRKY52



                  	Botrytis cinerea



                  	Grapevine



                  	[74]

                




                

                  	Bacteria



                  	SWEET11, SWEET13, SWEET14



                  	
Xanthomonas oryzae pv. oryzae




                  	Rice



                  	[75]

                




                

                  	DMR6



                  	Pseudomonas syringae



                  	Tomato



                  	[44]

                




                

                  	SlJAZ2



                  	Pseudomonas syringae



                  	Tomato



                  	[41]

                


              

            




          


        




        

          Bottlenecks in the Usage of CRISPR/Cas9 Technology in Stress Management in Plants




          Despite being very much useful, some major hurdles limit the usage and production of CRISPR/Cas9 mutation technology in plants. Lack of regeneration efficiency of plant tissue transformed with transgenic CRISPR construct and designing of gRNA are some major limitations. To follow with, less specificity of PAM sequence/site and high frequency of off-targets during CRISPR/Cas based genome editing make this approach potent but less futile. Although, there are tools which are available for gRNA designing, including CRISPOR, CHOPCHOP, CCTop, and CRISPR-P being the major ones but limitations exist for their usage in organisms in which genome sequence is either not available or not well annotated. However, the CRISPR-Cas9 approach has already been successfully used in the generation of mutant plants with enhanced abiotic stress tolerance, increased yield and nutritional properties Table 4. Taking care of the complex regulation of proteins in the cell, CRISPR edited plants showing resistance to one pathogen might be susceptible to any other pathogen. For example, CRISPR-Cas9 based MLO mutants showing resistance to Blumeria graminis f. sp. hordei are susceptible to rice blast fungus Magnaporthe grisea [96]. Advanced computational tools are further needed to help improve the specificity of CRISPR-Cas. The unavailability of proper annotation of genes associated with specific traits and well elucidated functional biology of susceptible genes makes CRISPR-Cas a tricky tool to use. Apart from the technicalities, the continuous evolution of pathogens, especially the higher mutability of viruses, makes it difficult to generate permanently resistant plants. Proper regulations are also necessary regarding the generation of CRISPR-Cas edited plants and their commercialization for public usage. Organellar genetic transformation and virus induced gene silencing (VIGS) are well optimized in several crop species, however, to date, advancements towards organelle genome editing and virus induced genome editing have not been achieved. Fig. (2) illustrates the names of some genes which have been targeted for the improvement of abiotic and biotic stresses in various crops.




          

            Table 4 A list of genes targeted through CRISPR/Cas9 technology to successfully enhance the abiotic stress tolerance, yield and nutrition related traits in selected plants to date.




            

              

                

                  	Plant



                  	Improved target trait



                  	Gene targeted



                  	References

                




                

                  	Abiotic stress tolerance traits

                




                

                  	Rice



                  	Salt stress resistance



                  	OsbHLH024



                  	[76]

                




                

                  	Rice



                  	Salt stress tolerance



                  	OsELF4a



                  	[77]

                




                

                  	Rice



                  	Osmotic and salt stress tolerance



                  	OsDST



                  	[78]

                




                

                  	Rice



                  	Salinity stress tolerance



                  	OsRR2



                  	[79]

                




                

                  	Rice



                  	Salt and oxidative stress tolerance improvement



                  	OsPQT3



                  	[25]

                




                

                  	Rice



                  	Heat stress tolerance



                  	OsPYL1/4/6



                  	[26]

                




                

                  	Rice



                  	Low potassium stress tolerance



                  	OsPRX2



                  	[80]

                




                

                  	Rice



                  	Low cesium accumulation



                  	OsHAK1



                  	[81]

                




                

                  	Rice



                  	Arsenic tolerance



                  	OsARM1



                  	[82]

                




                

                  	Rice



                  	Multiple abiotic stress tolerance



                  	OsPDS, OsMPK2, OsBADH2



                  	[83]

                




                

                  	Maize



                  	Increased grain yield and drought stress



                  	ARGOS8



                  	[29]

                




                

                  	Arabidopsis



                  	Drought stress tolerance



                  	ABRE1



                  	[24]

                




                

                  	Arabidopsis



                  	Drought stress tolerance



                  	OST2



                  	[28]

                




                

                  	Tomato



                  	Salt stress tolerance



                  	SlHyPRP1



                  	[84]

                




                

                  	Tomato



                  	Drought stress tolerance



                  	SlLBD40



                  	[85]

                




                

                  	Tomato



                  	Salinity and osmotic stress



                  	SlARF4



                  	[86]

                




                

                  	Yield and nutrition traits

                




                

                  	Rice



                  	Higher grain width



                  	OsSPL16



                  	[87]

                




                

                  	Rice



                  	Biofortification of Iron



                  	OsVIT2



                  	[88]

                




                

                  	Rice



                  	Biofortification of Selenium



                  	OsASTOL1



                  	[89]

                




                

                  	Rice



                  	Larger grain with slender shape



                  	GS3, GL3.1



                  	[90]

                




                

                  	Wheat



                  	Iron content



                  	TaVIT2



                  	[91]

                




                

                  	Banana



                  	Increased β-carotene content



                  	LCYε



                  	[92]

                




                

                  	Cassava



                  	Carotenoid biosynthesis



                  	MePDS



                  	[93]

                




                

                  	Soybean



                  	Carotenoid biosynthesis



                  	GmPDS11, GmPDS18



                  	[94]

                




                

                  	Potato



                  	Herbicide resistance



                  	ALS1



                  	[95]

                


              

            




          




          
[image: ]


Fig. (2))


          Illustration of selected genes which have been base mutated and functionally characterized in major crop plants subjected to stresses and yield related traits.

        


      


    




    

      CONCLUSION




      CRISPR-Cas-mediated genome editing technology has advanced plant biotechnology beyond all expectations within a short span of time. The application of the CRISPR-Cas system has not only been limited to induce InDel mutations, a series of CRISPR-Cas-derived base editors can generate precise base alteration in the genome. Till date, hundreds of crop species with improved agronomic performance in terms of abiotic stress tolerance, pathogen resistance, and nutritional qualities have been altered using this system. The technology has the potential to address several aspects of the Sustainable Development Goals (SDG) of the United Nations, including zero hunger and poverty eradication. The only major limitation of the technology that hinders its application to a wide range of crops, including orphan crops, is the non-availability of an efficient genetic transformation system. The obliges regarding the requirement of precise PAM sequence have been addressed to some extent as several engineered Cas proteins with lesser PAM constraints are available. Multiplex genome editing can simultaneously target various genomic regions to produce combined disease resistant crops or crops with multiple superior agronomic traits or resistance against multiple pathogens. The acceptability of transgene-free genome edited plants has been raised among the broader population. However, their guidelines and regulations vary from country to country. Genome edited tomato and soybean are already there in markets in USA and Japan. Recently, the Government of India has also announced the release of genome edited productions from the genetically modified organisms (GMO) regulations. The impact of this may be visualized quickly in the country. Undoubtedly, the advancements and applications of these technologies will continue to open unexplored avenues in plant biotechnology and crop science.
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      Abstract




      The study of somaclonal variation is a growing research area that has allowed to identify several biological processes involved in genetic instability during plant tissue culture. These changes may be undesirable during the micropropagation of elite plants or desirable during plant breeding programs. There are different molecular techniques that allow to analyze this somaclonal variation. Due to the progress that has been made in the manipulation and analysis of DNA, the number of molecular markers has increased to achieve this objective. These methods have been increasing in number, while some of them have been widely used since their development [simple sequence repeat (SSR), inter simple sequence repeats (ISSRs), amplified fragment length polymorphism (AFLP), and random amplified polymorphic DNA (RAPD)], others, such as retrotransposon amplification, SSR-markers derived from expressed sequence tags, targeted region amplification polymorphism (TRAP), transcribed sequences (RNAseq). Whole genome sequencing is increasing their use and they complement each other by providing more information, allowing to link genetic markers with specific phenotypes in somaclonal variants. The aim of this chapter is to highlight the methodology of the most commonly used molecular markers to assess somaclonal variation during plant tissue culture.
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      INTRODUCTION




      Molecular markers are a set of powerful tools used to assess somaclonal variation during plant tissue culture. During plant micropropagation, it is desired to obtain




      true-to type regenerants with respect to the mother plant, selected for its important agronomic attributes, as well as during germplasm conservation, where it is desired to selectively store specific genotypes [1]. While other approaches may aim to induce somaclonal variation to select genotypes with some superior agronomic traits [2, 3]. In both cases, confirming genetic stability and genetic changes is of importance. The use of a particular molecular marker may depend on the genetic information available for the plant species of interest, the methodology can be simple or laborious, and it can require more sophisticated equipment. In addition, the objective may be to evaluate genetic variations throughout the genome, in non-coding sequences or in coding sequences, the research may also be more directed towards evaluating the variation of specific genes. In recent years there has been a great advance in the design of new molecular markers that allow the study of these genetic variations, due to the availability of complete genome sequences in various plant species, together with a better understanding of the biological processes involved in somaclonal variation [4]. Although there are several strategies to analyze somaclonal variation (phenotypic characterization, chromosome number and structure, flow cytometry and protein and isoenzyme analysis) [5], the focus of this chapter book is on DNA-based analyses.




      

        SOMACLONAL VARIATION




        The term somaclonal variation was first coined by Larkin and Scowcroft [6] and refers to all the changes that can occur in DNA during in vitro tissue culture, especially when differentiated somatic cells are directed towards a pluripotent state by organogenic processes [7]. These changes may be reflected in DNA-sequence or epigenetic-modifications, where heterochromatin is modified, either by methylation of cytosine or in a smaller proportion of adenine [8-10] by methylation or acetylation of histone proteins [11] or by regulation of heterochromatin by small RNA [12]; some authors have proposed that an erroneous regulation of microRNAs and small RNA pathways can cause somaclonal variation [13]. In addition, cytogenetic analyses have shown a loss or increase in chromosome number within somaclonal variation in plant tissue culture [14]. All these processes can lead to gene activation or silencing, which can cause cellular abnormalities and phenotypic changes in plant height, number of shoots, fruit size, number of stomata, the diameter of vascular tissue, leaf pigmentation, among others (Fig. 1) [15-18] nonetheless, the variation has also been related as an adaptive response of plants to environmental changes and as part of the evolutionary process [19]. The tools used for these purposes are many and have increased in recent years. In addition, next generation sequencing of genomes has provided a broader picture of the genetic changes that occur during PTC.




        
[image: ]


Fig. (1))


        Phenotypic changes in somaclonal variants of V. planifolia and Stevia rebaudiana. A and B) Variegated vanilla plants obtained by indirect organogenesis, A) In the right regenerated shoot without variegation, in the left regenerated shoot with variegation, B) Right shoots without variegated leaves, left shoots with variegated leaves. C and D) Stevia plants showing somaclonal variation, C) Plants with abnormal brown pigmentation obtained by direct organogénesis, D) Plants with morpho-physiological anomalies micropagated in RITA® bioreactors. Photos taken from Ramírez-Mosqueda et al. [17] and Ramírez-Mosqueda et al. [18].

      




      

        Factors Contributing to the Development of Somaclonal Variants Subcultures




        During PTC, it is well known that the number of subcultures can influence the genetic stability of the plant material; as subcultures increase, so does the probability of generating somaclonal variants. However, it has been observed that the genotype and the use of different plant growth regulators also have a strong influence [20, 21] In pineapple (Ananas comosus), it was observed that maintaining more than 10 subcultures for four years was a factor that favored the increase in somaclonal variation, as well as the regeneration system (indirect regeneration and indirect somatic embryogenesis), this somaclonal variation was reflected in a diversity of phenotypes in the plants obtained; while direct organogenesis allowed greater fidelity of the propagated material with respect to the mother plant [22]. In Coffea arabica, somaclonal variation was higher in plants regenerated from 27-month-old callus cultures, followed by plants from 11-month-old cultures, while those from 4-month-old cultures showed no somaclonal variation, calluses were subcultured every month [23]. However, in other species, such as Swertia chirayita, genetic fidelity has been maintained even after 3.5 years (42 subcultures), using axillary micropropagation [24]. In sugarcane micropropagation through bioreactors, it was determined that subculture one and the last subcultures analyzed (9 and 10) were the ones that presented the greatest somaclonal variation, the variation in subculture one was suggested to be due to the stressful treatment carried out during in vitro establishment or to chimerisms present in the explants [25]. Pastelin-Solano et al. [26] observed that somaclonal variation increased from the fifth subculture in the semi-solid medium during micropropagation of Vanilla planifolia.




        

          Plant Growth Regulators




          Plant growth regulators are among the main factors to be evaluated because of influence on somaclonal variation studies during PTC. The use of kinetin has been linked to increased genetic variability in Dendrobium Sabin Blue [21]. In rice (Oryza sativa cv. MRQ 74), cytological analysis showed that the addition of 2,4-dichlorophenoxyacetic acid (2,4-D) 0.5 mgL1 in the culture media had signi-ficantly decreased the mitotic index and increased the ploidy level of the cell nuclei [27]. Asadi et al. [28] reported an increase in the somaclonal variation detected in in vitro plants of Galanthus transcaucasicus at high concentrations of naphthaleneacetic acid (NAA). The abscisic acid (ABA) has been related to a temporal dwarf phenotype in pineapple [29].


        




        

          Genotype




          Genetic instability may depend on genotype; in some cases, the genotype is the factor that most influences genetic stability during micropropagation [20], as observed in Linum usitatissimum [30]. In olive (Olea europaea), Bradaï et al. [20] mentioned that genetic instability seems to be mainly genotype dependent, comparing to the time maintained under in vitro conditions. Not all genotypes respond in the same way to stress conditions. Some genotypes are less stable and more prone to somaclonal variation than others [4].


        




        

          The Explant




          In general terms, highly differentiated tissues, such as leaf, stem, flower or root tissue, are more susceptible to somaclonal variation than explants containing meristematic cells, such as axillary buds or shoot tips [4, 31]. In Caladium x hortulanum, it was observed that when mature leaves were used as explants, greater genetic variation was obtained compared to immature leaves [14]. During the micropropagation of Viola uliginosa, using two explant sources, petiole and leaves, a higher endoreduplication in the petioles was observed, indicating that the leaves are the most suitable explants [32]. Somaclonal variation can also be reflected in a differential accumulation of secondary metabolites, Kreis et al. [33], reported that Digitalis mariana plants regenerated from shoots, compared to those regenerated from calluses obtained from roots, presented a higher cardenolide content.


        


      




      

        Molecular Techniques to Assess Somaclonal Variation




        Molecular markers most frequently used at present are based on PCR amplification of random sequences, microsatellites, inter-microsatellites, mini-satellites, coding sequences and retrotransposons, besides next-generation sequencing and RNA sequencing (RNAseq) are also used to analyze somaclonal variation. Among the factors that influence the reproducibility of the different techniques are the alignment temperature and the length of the primers [34]. Fig. (2) shows a general classification of the types of molecular markers most used for the evaluation of genetic and epigenetic variants during plant tissue culture. Table 1 lists some studies on the evaluation of genetic and epigenetic changes occurring in plants grown in vitro.
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Fig. (2))


        Classification of molecular markers used to detect somaclonal variations



        

          Table 1 Phenotypic changes detected during PTC and molecular markers or strategies used to analyze polymorphisms.




          

            

              

                	Molecular marker



                	Plant species



                	Phenotypic changes



                	References

              


            



            

              

                	AFLP


                MSAP


                SSAP



                	Coffea arabica



                	Aneuploidy


                Smaller size and oval-elliptic leaves


                Closed canopy



                	[35]


                [23]

              




              

                	RAPD



                	Cymbopogon winterianus



                	Greater diameter of bush, number of tiller and leaves, oil content



                	[36]

              




              

                	DNA-methylation by HPLC



                	Agave angustifolia



                	Color changes



                	[7]

              




              

                	Chromosomal abnormalities by microscopy



                	Lathyrus sativus



                	Changes in flower, seed, pod, foliage color, and leaflet size



                	[37]

              




              

                	Histone deacetylase (HDAC) activity



                	
Ananas comosus


                var. MD2



                	Plant dwarfism



                	[29]

              




              

                	IRAP



                	Hordeum vulgare



                	Stem, awn, lemma and grain color, lemma awn barbs, glume and glume awn



                	[38]

              




              

                	RAPD


                ISSR



                	
Tulipa x gesneriana




                	Flower color, variegated and aberrant leaves



                	[39]

              


            

          




        




        

          Random Amplified Polymorphic DNA (RAPD)




          RAPD markers were designed by Williams et al. [40] and since then, these have been used in a large number of plant species to assess somaclonal variation [36, 41-43]. Analysis of somaclonal variation using RAPD is easier and faster to perform compared to RFLP [36]. The use of RAPD does not require information about the plant genome; the technique uses arbitrary decamer primers to perform a single primer amplification reaction. Generally, primers are chosen based on previous works performed with the same plant species or a close relative [44]. The amplification products are resolved by agarose gel electrophoresis, for further analysis. Some disadvantages are that amplicons are not ligated to any character and gene regions, and it has low reproducibility [34]. In some plant species, such as Olea europaea, RAPDs have been found to be more informative than SSR markers [20]. Using RAPDs, it was determined that BAP influences genetic variation in banana micropropagation [44].
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