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Genome-editing (GE) is having a tremendous influence around the globe in the life science community. Among its

versatile uses, the desired modifications of genes, and more importantly the transgene (DNA)-free approach to develop

genetically modified organism (GMO), are of special interest. The recent and rapid developments in genome-editing

technology have given rise to hopes to achieve global food security in a sustainable manner. 
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1. Introduction

Keeping in view climate change, feeding of the global population and addressing the concerns of malnutrition, especially

in developing countries from the perspective of global population explosion, have become intimidating tasks for the

scientific community . The global population could reach 9.6 billion by 2050, which is an increase from the current 7.3

billion . Conventional breeding approaches appear to be insufficient to fulfill the global food demand and other

environmental challenges that we face in the 21st century. To meet the current demand, at least 23 percent more

agricultural production is needed. In modern agriculture, breeding through mutations, crosses, and transgenics have

become the core crop improvement strategies in the present era. However, conventional breeding being entirely

dependent on existing genetic variations and crossing strategies to introduce desirable traits into crops means that it takes

a considerable amount of time and resources, which will continue to limit crop improvement. Moreover, genetic variation

has significantly decreased, preventing the potential of trait improvements through cross breeding. Mutation breeding has

introduced genetic variability through random mutations using physical or chemical mutagens . Moreover,

commercialization of GM/biotech crops is limited by public concerns, as well as by long and costly regulatory evaluation

processes .

Since scientists conducted the first gene-targeting (GT) trial in tobacco protoplasts, and the discovery that gene-targeting

efficiency is enhanced via DNA double-strand breaks (DSBs) , researchers all over the globe have searched for novel

developing tools to edit plant genomes. Genome engineering is revolutionizing plant biology through targeted modification

of various regulatory elements or genes, or rearranging chromosomes in elite cultivars. Genome-editing employs various

sequence-specific nucleases, called engineered nucleases. It consists of two parts: a DNA targeting part that guides the

nuclease to the specific target site in the genome and a nuclease that cuts the genome at specific sites. There are three

types of engineered nucleases that have been discovered so far: zinc-finger nucleases (ZFN), transcription activator-like

effector nucleases (TALEN) and CRISPR-Cas system . These sequence-specific nucleases generate

double-stranded breaks (DSBs) at targeted genomic sites, which are in turn repaired by either homology-directed repair

(HDR) or the non-homologous end joining (NHEJ) method . Until now, diverse genome editing methods have

been used to improve various traits in crop plants (Figure 1) . The CRISPR-Cas9 system, which is being widely

adopted for plant genome editing, has accelerated the crop breeding beyond what was imaginable before its

development. ZFNs and TALENs suffer from technical complexity and low efficiency, but the CRISPR/Cas9 system is

simple and highly efficient. Due to its high efficiency, versatility, minimum cost, and ease of execution, the CRISPR/Cas9

has developed into a potential tool for the improvement of several plant genomes, notably major crop species 

. The application of CRISPR/Cas9 in plant breeding using different editing approaches has been illustrated in Figure 2.

A comparative table of three engineered nucleases has been made (Table 1).
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Figure 1. Applications of genome editing in crop plants for improving various traits.

Figure 2. Potential applications of CRISPR/Cas-based applications for plant breeding. (A) CRISPR/Cas-mediated

mutation can achieve indels, gene deletions, and multiplex gene knockout. (B) Gene insertion and replacement mediated

by either homology-directed repair or non-homologous end joining can accomplish gene stacking for multiple traits, gene

correction for gain-of-function, and gene insertion or replacement to generate novel traits for crop improvement. (C)

Applications of base editing for crop trait improvement, viz. precise amino acid substitution, gene disruption by introducing

a stop codon, gene regulation, and whole-gene screening. (D) CRISPR/Cas system-based gene regulation by

engineering the regulatory site in the untranslated region, promoter, or enhancer region. Abbreviations: CRE, cis-

regulatory element; sgRNA, single guide RNA; uORF, upstream open reading frame.

Table 1. Comparative table of engineered nucleases.



S.No. Properties ZFN TALEN CRISPR-cas9 References

1 Target site 20–35bp 20–40bp 20–23bp

2 Nuclease Two molecules of fokI Two molecules of
fokI Cas9

3 Efficiency High High High

4 Identification
molecule Protein-DNA Protein-DNA RNA-DNA

hybrid

5 Cost High Moderate Low

6 Limitation Time consuming and
laborious Laborious Off-targeting

2. Prokaryotic Origin of CRISPR

CRISPR and its related proteins (cas) play very important roles in providing adaptive immunity in prokaryotes and archaea

against viruses and plasmids. It relies on the presence of loci in bacteria, called CRISPR, and it was first discovered in E.
coli. CRISPR loci consists of operons for the synthesis of the Cas9 protein (nuclease) and repeated spacer sequences. A

short fragment (20 bp) of foreign DNA (viral or plasmid) that becomes integrated in bacterial genome is called the

protospacer. In the first stage, PAM (protospacer adjacent motif) sequences are identified by bacteria in the invading

microbe and then integrates a part of their genome in its CRISPR locus. During the second stage, CRISPR express the

entire loci and produces an RNA molecule called crRNA (short for CRISPR-RNA), which, along with Cas9 and other

necessary proteins, form a hybrid with invading genomes and Cas9 cuts the genome . This is how CRISPR works

in prokaryotes and helps to protect the bacteria from foreign enemies. This natural system of prokaryotes has been

exploited for targeted genome editing in higher organisms, including plants.

3. Working Principle of CRISPR-Cas9 in Plants

Generally, CRISPR-Cas-based editing in plant genomes comprises four steps. First, gene-specific sgRNAs (single guide

RNA) are designed using different web-based sgRNA design tools, require that users input a genomic location, gene

name or a DNA sequence for each gene of concern, and designate a species. The expression of sgRNA in plants is

driven by U3 and U6 small nuclear RNA promoters. In order to enhance the accuracy of computational sgRNA selection,

organized studies of sgRNA performances in plant cells and large-scale data collection are needed. The second step

involves a transient transformation system like hairy-root or protoplast transformation with CRISPR before being used in

genome editing, which is the best way to validate the activity of sgRNA. Thereafter, the third step involves delivery of a

genome-editing construct into plant cells, usually via particle bombardment or Agrobacterium-mediated transformation,

and a stable integration of sgRNA and Cas9 into the plant genome. In the last step, screening of transformed or

regenerated plants for mutation is done via PCR/RE genotyping and is confirmed by sequencing (Figure 3).
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Figure 3. Working principle of CRISPR/Cas9 based genome editing in plants. Plant genome editing can typically be

divided into four continuous steps, and the estimated time needed for each step is indicated. PCR/RE, polymerase chain

reaction/restriction enzyme digestion. The CRISPR–Cas9 RNAs (in vitro synthesized Cas9 and sgRNA transcripts) or pre-

assembled CRISPR–Cas9 RNP can be delivered into immature embryos via particle bombardment. Alternatively, pre-

assembled CRISPR–Cas9 RNP can be transfected into plant protoplasts. Bombarded/transfected cells are induced to

form calli, from which seedlings are regenerated under the selection-free conditions. Regenerated plants are screened for

mutation via the PCR/RE assay and sequencing. Delivering CRISPR–Cas9 reagents via RNP limits their temporal activity,

thereby improving their precision. RE, restriction enzyme; M, DNA marker; mut, mutant; ctrl, control.

4. Availability of Compatible Nucleases

Indeed, numerous strategies and tools have been developed to enhance the target specificity of Cas9, including high-

fidelity of Cas9 variants and the Cas9 paired nickase strategy . Streptococcus pyrogens SpCas9 is the most common

Cas9 used in plants, which recognize the PAM type NGG. While this PAM sequence is widespread across the genomes of

plants, it does not cover the whole plant genome. Another problem with SpCas9 is its large protein size (1368 amino

acids), which interferes with its delivery through a size limited viral vector, such as the adeno-associated virus (AAV) .

PAM sequence requirement restricts the probable target sequences in a gene of interest when it comes to inactivate a

gene at any position by targeted mutagenesis. With further studies, the diversity of PAM sequences has been expanded

by the novel Cas9 variants and RNA-guided nucleases. Two SpCas9 variants, such as StCas9  from Streptoccocus
thermophilus and SaCas9  from Staphylococcus aureus, were found to induce targeted plant genome-editing. They

might increase the specificity of editing, as both Cas9 variants require longer PAMs.

Furthermore, seven novels programmable CRISPR-Cas nucleases of the Class 2 system were uncovered in bacterial

genomes using functional and computational analyses. These comprise five different DNA targeting nucleases (C2c1,

C2c3, Cpf1, CasX and CasY) and two other RNA targeting nucleases (C2c2 and C6c6) that belong to type V and VΙ. The

role of Cas12a and Cas12b (Cpf1 and C2c1), Cas12c and Cas12d (CasX and CasY), and cas13a (C2c2) in genome

engineering was performed in vitro and/or in vivo by various researchers . Differences between these nucleases in

terms of nuclease domains, requirement of tracrRNA and crRNA and the DNA cleavage mechanism, were revealed

through functional and mechanistic studies .

Cas12a, formerly Cpf1 from Prevotella and Francisella, is one of the recently discovered and characterized

endonucleases from class II type-V CRISPR-Cas systems, which emerged as the most extensively explored substitute to

SpCas9 for plant genome-editing . Cpf1 is capable of non-specific cleavage of ssDNA (single-stranded DNA) and RNA,

respectively. Cpf1 with the PAM sequence TTTV where “V” is A, C, or G generates staggered cuts with 5′ overhangs 

in a non-specific manner, which is a completely different way from Cas9 that cleaves dsDNA creating, blunt end DSBs.
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The former cleavage structure offers certain benefits for directed gene insertion utilizing NHEJ . Cpf1 usually generates

larger indels (≥6 nucleotides) besides possessing not only DSB-inducing activity, but also RNase ΙΙΙ activity implicated in

pre-crRNA processing . This activity of Cas12a can be exploited in multiplex genome-editing through a tandemly

arrayed pre-crRNA-expressing construct . Genome-editing via Cpf1 has been already tested in various plants.

Surprisingly, highlighting the high specificity of Cpf1, there was no off-target edits found in these plants . Such novel

CRISPR-Cas tools offer potential applications, as well as to tackle specific challenges facing plant genome editing. A

group of researchers demonstrated that Cas12a is involved in transcriptional repression in plants; hence, this system,

besides being used in genome-editing, can act as an attractive platform for regulating gene expression in plants . Cpf1

may also cleave RNA, which further enhances the functionality to this class of nucleases . Moreover, the capacity of

multiplex genome-editing can be improved by the combination of different CRISPR systems .

Agricultural production is severely affected by RNA viruses, in contrast to DNA viruses. Cas13a is currently advancing

plant biology research and is a promising toolbox in the CRISPR arsenal to contribute to global food protection and do not

depend on transgenes. It has been used to combat tobacco RNA viruses and offers a novel technique to confer immunity

.

5. Breakthrough Technologies in Generating DNA-Free and Genetically
Stable CRISPR-Edited Plants

Plant genome-editing involves the transformation of plant cells with the CRISPR/Cas9 construct and the regeneration of

whole plants from a few transformed cells. Genome editing has generally been applied to transformable plants, and

existing genetic transformation systems are usually specific to the genotype and have been developed in many plant

species. Agrobacterium-mediated plant transformation was used extensively as a flexible tool for generating stably

transformed model crop plants . The different methods for generating transgene-free and CRISPR-edited plants are

illustrated in (Figure 4). Alternatively, Agrobacterium can facilitate transient transformation of plant cells  and can be

used to transiently express Cas9 and gRNA for producing transgene-free genome editing in plants (Figure 4A). This

approach has been effectively used to edit the tobacco phytoene desaturase (PDS) gene using the vector system devoid

of a selection marker to permit the survival of transiently transformed cells  (Figure 4E). In general, 10% of tobacco

plants were transgene-free and edited. Moreover, no sexual segregation is required for the removal of transgenes. It is still

difficult to detect the desired transgene-free plants using this method. Using Agrobacteria engineered to enhance the

production of DNA-free gene edited plants and/or to enhance the transient expression of transgene in plant cells will

significantly enhance the efficiency of transgene-free edited plants. Moreover, Agrobacterium is used to transform most

plants, but being a plant pathogen raised some regulatory concerns. The potential of plant genome engineering lies within

the successful plant transformation. Delivery of CRISPR/Cas9 reagents and plant transformation problems are the major

issues of concern. Moreover, the focus should be on novel tools and strategies that unify the approaches across plant

species .

Figure 4. Commonly used approaches for developing transgene-free and CRISPR-edited plants (A) CRISPR gene editing

followed by agrobacterium/biolistic transformation obtaining 25% T  transgene free plants by following Mendelian

segregation. (B) Nanoparticle and RNP mediating gene editing. DNA, RNA, or RNP coated nanoparticles can deliver
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CRIPSR reagents into meristematic cells. This strategy typically produces mosaic plants. The transgene-free and edited

plants may be obtained by either sexual or asexual propagation from the edited tissues. (C) Drug-induced elimination of

transgenes. The CYP81A6 encodes an enzyme that metabolizes bentazon, which is a herbicide. Coupling CYP81A6

RNAi with CRISPR components enables a selection for transgene-free and edited plants. (D) Fluorescence labeling and

selection of transgene free plants. The mCherry fluorescence marker is linked to the gene-editing components in the

same plasmid. The marker allows for the selection of transgene-free seeds, greatly reducing the workload associated with

growing plants and genotyping. (E) Generation of edited plants using transient expression under no selection pressure. In

the absence of a selection pressure, Agrobacterium infection can lead to the expression of transgenes without integrating

the transgenes into chromosomes. Such events can lead to the generation of transgene-free and edited plants. (F)

Ribonucleoprotein or RNP (Nuclease and gRNA) method generating transgene free plants by particle bombardment/gene

gun into calli or immature embryos.

Most plant genome-editing approaches involve the delivery of the expression cassette CRISPR-Cas9 into plant cells, its

integration and expression into the nuclear genome and finally the cleavage of the desired nucleotide sequence. However,

a small part of dispatched DNA sequence becomes incorporated into the genome. It has also been observed that

CRISPR/Cas9 can be transiently expressed and may provide an alternative to plant engineering. Recently, wheat has

been transformed via two easy and proficient genome-editing methods that depend on the transient expression of

CRISPR-Cas9 RNA or DNA . These two methods removed the selection stage for antibiotics or herbicides in tissue

culture during post-transformation stage and callus cells transiently expressing CRISPR-Cas9 were used to regenerate

plants. Consequently, tissue culture techniques used were time efficient and less labor intensive. Moreover, transient gene

expression systems significantly reduced the transgene integration in wheat callus cells . Genome-editing via CRISPR-

Cas9 DNA or RNA transient expression has been established in callus cells of wheat, and can also be successful in other

plant species.
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