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Abstract- The prokaryotes' genome is shielded against infectious viruses and plasmids by the RNA-based immune system known as CRISPR and its related Cas proteins. CRISPR-associated protein Cas9 system is a recent molecular tool for site-specific modification, genome engineering, crop improvement, and molecular therapy because of its low cost, versatility, less time consuming, and efficiently modify endogenous genes in a wide variety of cell types and in organisms that are being manipulated genetically. Therefore, CRISPR-Cas 9 offers a quick and effective way to introduce specific mutations into a target DNA strand with high accuracy and efficacy. RNA-guided nuclease Cas 9 induce double-strand break (DSB) and the breaks are corrected by cellular DNA repair mechanisms and mediate genome modifications. It results in gene modifications by both Homology directed repair (HDR) and Non-Homologous end-joining repair (NHEJ) mechanisms. CRISPR-Cas 9 was recently established in plants by stable transformation. This paper discusses the use of Cas9 as a plant genome editing tool to advance crop research, plant breeding to satisfy future agricultural demand growth, a thorough explanation of the CRISPR-Cas system, its use in various organisms, particularly plants, current applications in plant breeding, and the growing significance of Cpf 1 and Cpf 2. Cpf belonging to class 2 CRISPR – Cas effectors are described in this paper which widens our understanding of bacterial immunity and genome editing toolset.
Introduction-
Clustered regularly interspaced short palindromic repeats, or “CRISPR” for short, are DNA sequences found in prokaryotes like bacteria and archaea that offer acquired resistance against attacks from viruses or plasmids as well as genetic alteration that may be present in the environment. CRISPR system is derived from the Streptococcus pyrogens (Jinek et al., 2012, Weeks et al., 2015) and it consists of 3 genes – 1 encoding Cas 9 nuclease and 2 non-coding RNA genes (tracr-RNA and pre-crRNA) (Statello et al., 2021). Most importantly using this RNA- guided endonuclease technology multiple gene mutations and then germ-line transmission has been achieved (Statello et al., 2021, Li D et al., 2013, Li W et al., 2013, Wang H et al., 2014) and modified endogenous genes of interest in various organisms (Jinek et al., 2012, Cong W.C et al., 2022, Li et al., 2013, Montecillo et al., 2020, Wang et al., 2014, Statello et al., 2021).  

CRISPR-Cas defense comprises of 3 stages – Adaptation (Garneau et al., 2010, LA Maraffini 2010), Immunization (Howarth P et al., 2010, Bhaya et al., 2011), Spacer acquisition (Karginov FV et al., 2010, Vander Oost et al 2009). In this defense process, specific small fragments of foreign nucleic acids are recognized as non-self and are incorporated into the host genome between short DNA repeats. These repeats in conjunction with the Cas proteins recognize the incoming foreign nucleic acids and destroy them. The programmable pre-crRNA contains spacers interspaced by identical direct directs which are processed to form mature crRNA in combination with tracr-RNA. The 2 RNA genes can be substituted by one RNA gene using a single guide RNA (g-RNA) which has a designed hairpin that mimics the cr-RNA-tracr-RNA complex. Both the PAM sequence and the gRNA-DNA base pairing immediately downstream of the target area determine the binding selectivity of Cas 9 with the target DNA (Statello et al., 2021). CRISPR is harnessed to achieve genome targeting in archaea, bacteria, yeast, plants, animals, and human cell lines (Statello et al., 2021).

Earlier introducing a heterologous DNA into plants was usually done by Agrobacterium-mediated transformation and biolistics methods invented in the 1980s. Nowadays, many approaches are used for gene editing and targeting that are more precise. Commonly used strategies are - ZFNs (Zinc Engineered Nucleases), TALENs (Transcription activator-like effector nucleases), HR (Homologous Recombination), EMN (Engineered mega nucleases), etc. ZFNs and TALENs are based on protein-DNA interactions and the 3rd technology used is CRISPR (Liu & Fan, 2014) which is an RNA-guided DNA endonuclease system (Brooks, Nov 2014, Wada et al 2020). ZFNs and TALENs have successfully revolutionized the concept of Plant Breeding and allow rapid progress for the improvement of crops. 
CRISPR-Cas 9 has wide applications for bacterial, animal systems, and most importantly plant systems due to its easy construction design and assembly. CRISPR/CAS 9 efficacy has been reported in the Arabidopsis (Gao et al., 2016) and Nicotiana benthamiana (Belhaj K et al., 2013), Sorghum bicolor (Jiang et al., 2013), Oryza sativa (Zhang et al., 2014), and Triticum aestivum (wang et al., 2014).  
The tomato (Solanum lycopersicum) is one of the most suitable crops for testing CRISPR/Cas 9 gene editing due to its efficient transformation availability (Montecillo et al.,2020), diploid genome (dicot crop), a high-quality genome sequence (TOMATO GENE CONSORTIUM,2012), and its commercial importance.
The problem faced with the techniques ZFNs and TALENs is that they function as dimers and only protein components are required. Designing ZFNs is difficult due to the intricated nature of the interaction between Zinc fingers and DNA (González et al., 2021). CRISPR/Cas 9 is a recent addition to the genome engineering toolbox (Nemudryiet al., 2014) due to its advantages over ZFNs and TALENs with minimal unintended modifications and cellular toxicity.

Table 1 - Genome editing techniques, acronyms, terms, and definitions (Breyer et al., 2009; Kim and Kim, 2014; Osakabe and Osakabe, 2014; de Souza, 2012; Wolt et al, 2015)
	CRISPR
	Clustered- Regularly- Interspaced-Short-Palindromic-Repeats.
	Programmable nucleases comprised of bacterially derived endonuclease (Cas9) and a single-guide RNA (sgRNA)

	DSB
	Double strand break 
	Cleavage in both strands of double-stranded DNA where the two strands have not separated (Junwon et al., 2015).  

	EMN
	Engineered mega nuclease
	Meganucleases are derived from microbes that are rationally designed to cause site-directed DSB.

	GEEN
	Genome editing with engineered nucleases
	It is a tool that makes use of artificially engineered nuclease or molecular scissors to cut DNA at a specific locus.

	HDR
	Homology–directed repair
	A mechanism for DSB repair uses a DNA sequence homologous to the break site that serves as a template.

for homologous recombination.

	HR
	Homologous recombination 
	A genetic recombination process where genetic information between two identical molecules (usually ssDNA/dsDNA) of nucleic acid exchanged

	NHEJ
	Non-homologous end joining
	The primary pathway of repairing double-stranded breaks without making use of homologous sequences (Gieber 2010, Puchta 2005).

	OMM
	Oligonucleotide mediated mutagenesis
	Site-specific mutation with chemically synthesized oligonucleotide with homology to the target site (other than for the intended nucleotide modification).

	SDN
	Site-directed nucleases
	Engineered DNA nucleases are programmed to cleave a DNA chain by separating nucleotides at specific sites within the genome.

	TALEN
	Transcription activator-like effector nucleases
	Programmable nucleases comprised of the DNA binding domain of Xanthomonas-derived TAL effectors fused

with FokI restriction endonuclease.

	ZFN
	Zinc Finger Nuclease
	Programmable nucleases comprised of the DNA binding domain of a zinc-finger protein and the DNA-cleaving

nuclease domain of the FokI restriction endonuclease.


90% of Archaeal and 48% of bacterial genomes have the CRISPR-Cas system (Rousseau et al., 2009). Cas 9 is a versatile protein that binds and cleaves the DNA target in a sequence-dependent manner (Jinek et al., 2014, Nishimasu et al., 2014, Sternberg SH et al., 2014, Anders C et al., 2014). CRISPR-Cas system consists of 2 components – Cas proteins and a second CRISPR locus that holds genetic memory. The second component is primarily the single-guide RNA (sg-RNA) of the CRISPR/Cas 9 system which is a synthetic RNA chimera created by fusing cr-RNA with tracr-RNA (Voytas DF 2013). Based on the presence of the specific signature Cas protein, three different types of CRISPR -Cas systems are there, namely -types I, II, and III (Makarova et al.,2011).
Table 2. Different classes of the CRISPR–Cas system and their unique features (Source – Kumar and Jain, 2014).
	Class
	Source 
	Tools 
	Cleavage Domain 
	Target

	1
	Bacteria (Escherichia coli) and archaea (Pseudomonas aeruginosa)
	Cas1, Cas2, Cas3, Cas5, Cas6, and

Cas7 proteins
	HD nuclease domains of Cas3.
	DNA

	2
	Bacteria (Streptococcus

thermophilus)
	Cas1, Cas2, Cas9, and Cas4/Csn2

Proteins
	RuvC-like nuclease domain near the N terminus and HNH (McrA-like) nuclease domain in the middle

of Cas9.
	DNA

	3
	Archaea (Staphylococcus epidermis,

Lactococcus lactis, and Pyrococcus

furiosus)
	Cas1, Cas2, Cas10, and Cas6 proteins
	The catalytic triad of Cas6 protein and Csm/ Cmr Complex.
	DNA/RNA


Application of designer Genome editing tools for crop improvement -  
1.  Rice

Rice is one of the first plant crop species to go through gene editing using TALENs (Li et al., 2012, Shen et al., 2013a) and Cas 9/sg RNA (Feng et al., 2013, Jiang et al 2013, Shan et al 2013b, Weeks et al., 2015). The ability to obtain bi-allelic gene modifications in a simple generation (Feng et al 2013, Xu et al., 2014, Zhou et al.m 2014) and the opportunity to delete large segments of chromosomes (Zhou et al., 2014, Weeks et al., 2015) and the availability of gene replacement through Homologous recombination (Feng et al., 2013, Weeks et al., 2015). 
2. Maize
Multiple genes in Zea mays have been precisely edited using maize TALENs and CRISPR/Cas9 systems (Li et al., 2014; Weeks et al., 2014).  It has been established that the Cas9/sg-RNA system can support effective gene knockouts and gene replacements in maize.
3. Soya Beans

CRISPR/cas 9 system has also been used and applied for Soyabean (Jacobs et al., 2015). Either using Agrobacterium rhizogenes-derived hairy root soya bean cultures or soya bean somatic embryo cultures, GFP and nine endogenous loci were targeted (Weeks et al., 2015).
4. Wheat
One of the first plants to be altered with CRISPR/Cas9 technology was wheat (Shan et al., 2013). A subsequential study demonstrated the knockouts of both Inositol oxygenase and phytoene desaturase genes in wheat (Upadhyay et al., 2015). It also showed the simultaneous expression of two multiplexed sgRNAs genes targeting two closely spaced target sequences in the wheat genome caused the DNA segment between the two sites to be efficiently deleted (Weeks et al., 2015). 
5. Tomato

Due to the availability of an effective transformation methodology, tomato is frequently used to investigate CRISPR/Cas9 gene editing in a dicot crop (Van Eck et al., 2006). In their findings, Brooks et al. (2014) showed how the CRISPR/Cas9 system produced a variety of targeted mutations in tomato plants that were stable transgenics by using two sgRNAs that permitted homozygous deletions of a suitable size in the first generation. Cermak et al., 2015 showed that the geminivirus vectors is an efficient mechanism for gene targeting in Tomato and coupled TALENs and CRISPR/Cas9 which allowed the targeting of virtually any sequence in the genome making it feasible to expand the technology to create valuable traits of other crop species. 
Table 3 lists the number of genes targeted in different plant crop species using the CRISPR/Cas 9 system.

Table 3. List of targeted gene(s) via the CRISPR–Cas9 system in different plant species. 
	Plant species
	Target gene(s)
	Promoter for Cas9
	Cas9 version
	Promoter for sgRNA
	Delivery method
	Reference

	Arabidopsis thaliana
	AtPDS3, AtFLS2,

AtRACK1b and

AtRACK1c
	35DPPDK
	Plant codon-optimized

Cas9
	AtU6
	Protoplast

co-transfection

and Agrobacterium

infiltration 
(Agroinfiltration)
	Li et al. (2013)

	
	GFP
	35S
	Chlamydomonas

reinhardtii codon optimized.
Cas9
	OsU6
	Agrobacterium-mediated
Gene transfer
	Jiang et al. (2013b)

	
	CHL1, CHL2, and

TT4i
	OsUBQ1
	Human codon-optimized
Cas9
	OsU3
	Agrobacterium-mediated

Gene transfer
	Mao et al. (2013)

	
	BRI1, JAZ1, and

YFP
	2 × 35S
	Human codon-optimized
Cas9
	AtU6-26
	Agrobacterium-mediated

Gene transfer
	Feng et al. (2013)

	Zea maize
	IPK
	2xCaMV35S,

ZmU3
	Rice
	-
	PEG-protoplast transfection
	Upadhyay et al.

(2013)

	Nicotiana benthamiana
	NbPDS3
	35DPPDK
	Plant codon-optimized

SpCas9
	AtU6
	Agro-
Infiltration
	Li et al. (2013)

	
	NbPDS
	35S
	Human codon-optimized
SpCas9
	AtU6
	Agro-

Infiltration
	Nekrasov et al. (2013)

	
	Nbpds
	CaMVE35S
	Human codon-optimized
SpCas9
	CaMVE35S
	Agro-

Infiltration
	Upadhyay et al. (2013)

	
	NbPDS
	2 × 35S
	Human codon-optimized
Cas9
	AtU6
	Agro-

Infiltration
	Belhaj et al. (2013)

	
	GFP
	35S
	Chlamydomonas reinhardtii codon optimized Cas9
	OsU6
	Agro-

Infiltration
	Jiang et al. (2013b)

	Triticum aestivum
	TaMLO
	2X35S
	Rice codon-optimized

Cas9
	TaU6
	Protoplast

transformation
	Shan et al. (2013b)

	
	Tainox and TaPDS
	CaMVE35S
	Human codon-optimized
SpCas9
	CaMVE35S
	Agrobacterium-mediated

Gene transfer
	Upadhyay et al. (2013)

	
	TaMLO-A1
	Ub1
	Plant codon-optimized

Cas9
	TaU6
	Transformation

using particle

bombardment
	Wang et al. (2014)

	Sorghum bicolor
	DsRED2
	Rice Actin1
	Monocot codon optimized
Synthetic Cas9
	OsU6
	Agrobacterium-mediated

Gene transfer
	Jiang et al. (2013b)

	Marchantia polymorpha


	MpARF1
	CaMV 35s and MpEF1α
	Human codon-optimized
Cas9
	MpU6-1
	Agrobacterium-mediated

Gene transfer
	Sugano et al. (2014)

	Citrus sinensis
	CsPDS
	CaMV 35S
	Human codon-optimized
Cas9
	CaMV 35S
	Agro-

Infiltration
	Jiang and Wang (2014)

	Oryza sativa
	OsSWEET11 and

OsSWEET14
	CaMV 35S
	Wild-type SpCas9 and

rice codon-optimized

Cas9
	OsU6
	Agrobacterium-mediated

Gene transfer
	Jiang et al. (2013b)

	
	OsMYB1
	OsUBQ1
	Human codon-optimized
Cas9
	OsU3
	Agrobacterium-mediated

Gene transfer
	Mao et al. (2013)

	
	ROC5, SPP, and YSA
	35S
	Human codon-optimized
Cas9
	OsU6-2
	Agrobacterium-mediated

Gene transfer
	Feng et al. (2013)

	
	OsMPK5
	35S
	Human codon-optimized
Cas9
	OsU6
	Agrobacterium-mediated

Gene transfer
	Xie and Yang (2013)

	
	CAO1 and LAZY1
	Ub1
	Rice codon-optimized Cas9
	OsU3
	Agrobacterium-mediated

Gene transfer
	Miao et al. (2013)


Recent research studies about CRISPR/Cas 9 system-

A study shows that transgenic lines with higher Cas 9 expression levels are virus and symptom-free (Jix et al., 2015). Studies indicate that the CRISPR/Cas 9 system has the greatest potential to enhance plant immunity, as it can be used to target several sites at viral genomes or different viruses in the same plant simultaneously (Jix et al., 2015). Delivering sg-RNA and Cas 9 protein into the target cells is necessary for CRISPR/Cas 9-based genome editing (Kumar & Jain, 2014). Some research groups have shown and used plant-codon optimized version of cas9 (Jiang et al., 2013b, Li et al., 2013, Miao et al., 2013, Shan et al., 2013b, Kumar & Jain 2014). Few studies describe the use of the CRISPR/Cas9 system in plants using a human codon-optimized version as well (Feng et al., 2013, Mao et al., 2013, Nekrasov 2013, Upadhyay et al., 2013, Xie & Yang 2013). In plants, the EFIA, CMV, VBO, and LTR promoters have been used to derive Cas 9 expression (Kumar & Jain 2014). Among these 35s promoter of cauliflower mosaic viruses (CMV) has been mostly used (Belhaj 2013, Kumar & Jain 2014). 
Challenges of the CRISPR-Cas technology in plants Source (Basak & Nithin 2015)- 

The NHEJ repair mechanism is not a precise mechanism. It generates indels at the cut site, resulting in endogenous gene disruption/ mutagenesis (Lloyd et al., 2005, Zhang et al., 2010, Battles et al., 2014, Belhaj et al., 2015). Battles et al., 2014 developed an efficient and facile vector system using Gemini-virus (a large family of plant viruses having circular, ss-DNA which infects both monocots and dicots) that replicates through double–stranded intermediates to overcome the lack of NHEJ mechanism. CRISPR/Cas 9 largely depends on the effective delivery of the components in the plant (Basak & Nithin 2015).  An off-target mutation is one of the biggest drawbacks of CRISPR/Cas technology which is yet to overcome. CRISPR-Cas technology recognizes targets using Watson-Crick base pairing. With the help of sequence data analysis, off-target sites can be predicted more accurately (Cho et al., 2014, Bortesi & Fischer 2015, Basak & Nithin 2015). Strategies considered for minimizing off-target mutations are- Source-(Basak & Nithin 2015) 

· Appropriate target sequence selection with high specificity 
· Careful truncation or elongation of gRNAs and construction of intelligent mutations in Cas9.

· Moreover, on-target mutations often precede off-target mutations which result in the loss of novel mutations after regeneration. A short selection period for calli during re-differentiation can prevent off-target mutations.
Targeting of mi-RNAs and ncRNAs in Plants
Knockdown or knockout of ncRNA genes compared to protein-coding genes using the CRISPR/Cas technology is a challenge (Raffeiner et al 2020). Due to the constrained design space for targeting non-coding genes without affecting nearby genes, CRISPR-Cas 9 has difficulty knocking out small non-coding genes (Barrangou et al., 2015). Since many mi-RNAs are encoded within the introns of host genes that code for proteins, silencing them presents a distinct set of challenges. Knockout of mi-RNA mediated through CRISPR-Cas9 has the potential to be more efficient by targeting mi-RNA genes at multiple sites like promotor and hairpin (Barrangou et al., 2015; Xu et al 2020).
CRISPR/Cas 9 system 
Cpf 1 is a novel genome editing tool that makes staggered cuts, resulting in a 5’ overhang that improves the precision of DNA insertions. Like its forebear, it is also derived from a bacterial system to acquire immunity from viruses. Cpf1 is classified as Type V CRISPR-Cas system that cleaves at the distal site, which preserves the seed region that is essential for target recognition. Cpf1 is better suited for editing AT-rich DNA because it has a T- rich protospacer- adjustment motif than Cas9, which has a G-rich proto-spacer – adjustment motif. 
Recent Works –

One of the boulevards of CRISPR-Cas technology is its successful application in generating mutant mi-RNA binding sites in target genes, thereby verifying mi-RNA targeting (Bassett et al., 2014).  Recently a CRISPR interference (CRISPRi) platform has been developed for gene silencing which provides a complimentary approach to RNA interference (Larson et al., 2013, Qi et al., 2013a, Kumar & Jain, 2014). CRISPR/Cas 9 and TALENs gene editing technology opens the door to human therapeutic applications as well, a new generation of artificial genes and synthetic proteins and new transgenic plants are made. One of the biggest applications made possible in human therapeutics was a treatment of a 1-year-old girl suffering from leukemia (a type of blood cancer). It is a blood cancer that is also called acute lymphoblastic leukemia. Her bone marrow made too many immature immune cells called B cells Researchers used TALENs (transcription activator-like effector nucleases) to engineer immune cells that can track out and demolish cancer cells without hurting the patient. The immune cells are called chimeric antigen receptor T cells, or CAR T cells (Science News, December 12, 2015).
Conclusion 

 Genome editing of model organisms is vitally important to study gene function, which is detrimental to human health and agricultural production of more sustainable food yields. It is important for the development of a fundamental understanding of plant biology as well as for producing agricultural plants with useful new agronomic, nutritional, and innovative qualities for the comfort of farmers and consumers. The CRISPR/Cas 9 system is one of the most neoteric introductions to the toolbox of sequence-specific nucleases that include TALENs and ZFNs. These tools are formidable assets for studies in biotechnology and basic sciences. This technique is an intriguing approach to genome editing in plant biology because of its robustness and understandability. Till date, the chief application of the CRISPR/Cas 9 system is to knockout genes. Further modification of the CRISPR/Cas 9 system will promote the application of this recently developed technology in agriculture. However, its application in editing RNA in plants is still surging. New enhanced strategies will further improve the CRISPR/Cas-9 technology to develop ncRNA which is a vital regulator of biological mechanisms which include developmental processes and diseases. Successful applications of the CRISPR/Cas-9 technology in editing nc-RNA in plants will help to elucidate and decode their mode of action thus opening a boulevard in plant biology.
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