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Abstract: 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. We here discuss recent developments in
CRISPR-based genome-editing tools for crop improvement concerning adaptation, opportunities,
and challenges. Some of the notable advances highlighted here include the development of transgene
(DNA)-free genome plants, the availability of compatible nucleases, and the development of safe
and effective CRISPR delivery vehicles for plant genome editing, multi-gene targeting and complex
genome editing, base editing and prime editing to achieve more complex genetic engineering.
Additionally, new avenues that facilitate fine-tuning plant gene regulation have also been addressed.
In spite of the tremendous potential of CRISPR and other gene editing tools, major challenges remain.
Some of the challenges are related to the practical advances required for the efficient delivery of
CRISPR reagents and for precision genome editing, while others come from government policies and
public acceptance. This review will therefore be helpful to gain insights into technological advances,
its applications, and future challenges for crop improvement.
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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 commu-
nity [1]. The global population could reach 9.6 billion by 2050, which is an increase from
the current 7.3 billion [2–5]. 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. How-
ever, conventional breeding being entirely dependent on existing genetic variations
and crossing strategies to introduce desirable traits into crops means that it takes a con-
siderable 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 [5–10].
Moreover, commercialization of GM/biotech crops is limited by public concerns, as
well as by long and costly regulatory evaluation processes [4].

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) [11], 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 [12–17]. 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 [17–20]. Until now, diverse genome editing methods have
been used to improve various traits in crop plants (Figure 1) [18,21]. 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 [5,17,18,22,23]. 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.
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Table 1. Comparative table of engineered nucleases.

S.No. Properties ZFN TALEN CRISPR-cas9 References

1 Target site 20–35bp 20–40bp 20–23bp

[24–28]

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 [29–31]. 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.

A nearly CRIPSR system was developed from the bacterium Streptococcus pyogenes
(SpCas9), however there are currently many Cas9 proteins known from various bacterial
genomes possessing diverse properties [32]. These include a smaller Cas9 derived from
Staphylococcus aureus (SaCas9) and a Cas9 isolated from Streptococcus thermophilus (StCas9),
which were discovered to work competently in plants [33]. Besides type II CRISPR/Cas9
systems, type V CRISPR/Cas12a (Cpf1) systems have also been exploited for genome
engineering in plants. Type V Cas12a systems are quite dissimilar from Cas9 systems in
regards to three features. First, they identify T-rich PAM sequences (TTTN or TTN), which
are found just upstream of the non-complementary strand of the target. Second, Cas12a
proteins generate DSBs with 5nt 5′ overhangs in place of the blunt ends created by type II
CRISPR/Cas9 systems. Third, Cas12a processes its own crRNAs from primary transcripts
of CRISPR arrays and there is no requirement of tracrRNAs for crRNA maturation. The
exceptional attributes of CRISPR/Cas12a systems label them as an excellent complement to
CRISPR/Cas9 systems [34,35]. Additionally, to further expand the genome editing toolbox,
engineered Cas9 orthologs with altered PAM sequences and enhanced cleavage specificity
have been developed [36]. This includes phage-assisted constant evolution, which has
been exploited to produce an ‘evolved’ xCas9 protein that is capable of recognizing a wide
array of PAM sequences and reducing the unintended mutations in the human genome.
Further, a highly effective SpCas9 variant compatible with ‘NG’ PAM was generated via
structure-directed evolution approaches [37], and this Cas9-NG-derived editing system has
been demonstrated to be useful in plants [38]. A number of investigations have reported
that novel tools that initially evolved for animal cells can also operate efficiently in plant
cells [39].
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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).

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.
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Plant genome-editing with CRISPR/Cas9 raised particular concerns and provided
meticulous challenges. One of the major limitations of the CRISPR-Cas9 system is off-target
cleavage, which can be deleterious [40]. CRISPR/Cas9 may cleave unintended sequences
along with target sequences, since large genomes may contain many sequences of DNA
that are identical or similar to target DNA. This may result in unwanted mutations, which
may alter other traits [41]. However, various recent studies have demonstrated none to
very low off-target editing [42,43]. Moreover, the insertion of CRISPR reagents into plants
makes them transgenic and is thus subjected to various bio-safety regulations [17]. The
safe and efficient delivery of CRISPR/Cas9 into cells or tissues that are difficult to transfect
is another important issue.

In the present review, the current status of plant genome-editing, novel tools and
strategies particularly based on CRISPR/Cas9 system and their potential applications in
plant biotechnology and agriculture have been apprehensively discussed. We have also
highlighted the base-editing tools that allow targeted nucleotide substitutions and describe
the DNA-free delivery systems, together with genome editing platforms for crop breeding.
Finally, we have discussed the huge potential of genome engineering for plant synthetic
biology and challenges and prospects for precision agriculture.

3.1. Non-Homologous End Joining (NHEJ) Directed Genome Editing

Modified sequence-specific nucleases are engineered to create DNA DSBs at precise
gene loci, facilitating desired genomic modifications via one of the two DNA repair path-
ways: non-homologous end joining (NHEJ) and homology-directed repair (HDR) [44,45].
NHEJ is the main error-prone repair pathway in response to DSBs as it does not require a
homologous template sequence [46] and often creates indels, and can thus create functional
gene knockouts [21,47,48]. It can also insert DNA sequences from a donor in a homology-
independent manner, and could thus be a proficient strategy for gene integration into a
pre-determined locus for crop improvement. NHEJ is evolutionarily conserved and active
during the cell cycle, but is the most important during G1 cell phase in which there is no
homologous template available for recombination. NHEJ is faster than HDR and repairs
most types of breaks in just ten minutes. NHEJ is thus the principal repair pathway that
repairs the breaks generated via CRISPR/Cas9 mutagenesis. NHEJ can also be used to
produce donor DNA sequence insertions in a homology-independent manner [4] and can
thus be an efficient method for gene stacking to improve crops [4]. Sequence replacement
or sequence changes can be achieved in plant genomes by utilizing NHEJ.

3.2. Homology-Directed Repair (HDR) Mediated Precision Genome Editing

While NHEJ is highly competent and efficient for large-scale gene knockout experi-
ments, HDR-dependent targeted gene editing is still an unprecedented tool for accurate
genomic modification and was extensively used in yeast and higher living organisms
such as Drosophila and mice. Homology-directed repair makes sequence changes or se-
quence replacements with precision, facilitating precise gene editing (gene targeting). In
the case of HDR, the broken DNA ends are repaired on the basis of sequence homology
regions from the genome [49,50]. HDR, in principle, may generate gain-of-function point
mutations, which can play a crucial role in genetic studies and reveals the gene function.
HDR is a small DSB repair pathway in somatic cells that function mostly during the S
and G2 phases of the cell cycle [48,51]. Even though HR-mediated CRISPR-Cas9 editing
in rice and maize has been successful, HDR has been more challenging in higher plants,
preventing its widespread application, since target DSB and a repair template must co-
exist. Different strategies are used to improve the efficiency of HDR-assisted GT in plants.
HDR-mediated genome editing via CRISPR/Cas9 has been successful in various model
systems, including human stem cells. Various recent publications report HDR-mediated
gene editing using sequence-specific nucleases in Arabidopsis [39,52,53], tobacco [39,40,52],
tomato [49,51,52], rice [39,52,54–56], maize [57], soybean [58], wheat [59], potato [60], bar-
ley [61], cotton [62,63] and flax [52,64]. Most of these GT events were based on selection
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markers, such as herbicide or antibiotic resistant genes at the targeted sites to increase
targeting efficiency. However, GT events did not depend on selection markers and showed
low frequencies [58,65], hence limiting the importance of these methods. This highly effi-
cient positive-negative selection method has been successful in CRISPR/Cas9 mediated
GT in rice. However, this strategy is cumbersome and has been limited to a few resistance
genes [4,66]. Moreover, it has not been successful in other plant species, such as tomato
and Arabidopsis [4,52]. In order to achieve error prone HDR, it has to be restricted to the
identical locus of a sister chromatid, and a DNA repair template needs to be delivered
into a plant cell. Furthermore, HDR efficiency could be greatly affected by the amount of
DNA delivered into a cell. This strategy of increasing the quantity of the donor template
in single cells can certainly improve the HDR-assisted GT [4,59,67], which may result in
negligible cytotoxicity. Furthermore, the use of a chimeric sgRNA molecule, carrying both
sequences for target site specificity and repair template sequences flanked by regions of
homology to the target, was demonstrated in a study reporting crop trait improvement in
HDR-mediated gene targeting [4,68] and can be used to generate precise gene editing with
reasonable efficiency in rice protoplasts.

3.3. Beyond Double-Strand Breaks: Recruiting Proteins via dCas9

The HR and NHEJ are the two different repair mechanisms that may be initiated upon
DSB detection. However, the CRISPR/Cas9 system is not restricted to generating DSBs,
but dCas9 can also offer an exceptional platform for recruiting proteins to regulate gene
expression, genome imaging, and epigenomic editing. Fusing dCas9 with a transcription
activator or repressor can enhance the transcriptional modulation of targeted endogenous
genes in plants. The dCas9 protein is brought to a specific target sequence by a gRNA, thus
providing an unparalleled tool to modify genomic sequences at the target sites [69]. dCas9
is now being used in functional genomics to disrupt the gene function through the CRISPR
interference (CRISPRi) [70]. The CRISPRi is a highly specific genetic perturbation tool used
for transcriptional activation and epigenetic changes with minimum off-target effects. The
main advantage of using the CRISPRi tool in plant genome-editing is that multiple sgRNAs
can target multiple and different genes simultaneously, therefore enhancing the specificity
and efficiency of targeting genes at the same locus [71]. Recently, simultaneous multigene
repression and activation was assessed in plants by designing a synthetic repressor sys-
tem (pCo-dCas9-3X-SRDX) and tested on CLEAVAGE STIMULATING FACTOR64 gene
in Arabidopsis and redundant microRNAs: miR159A and miR159B (non-protein-coding
genes) [72]. Epigenetic effectors can be recruited by dCas9 to modify epigenetic marks at
the DNA or histone targets. Fusion of dCas9 to epigenetic modifiers could help to describe
the purpose of methylation and other chromatin modifications responsible for abiotic stress
responses in plants [70].

Moreover, fusion of dCas9 and fluorescent proteins, such as GFP, can facilitate visual-
izing DNA loci bearing repetitive genomic sequences and to label centromeres, pericentric
sections, and telomeres using single or multiplex gRNAs [73]. Researchers observed telom-
ere repeats in leaf cells of N. benthamiana and observed DNA-protein interactions in vivo
by using dCas9 fused with eGFP/mRuby. Therefore, this form of chromatin imaging
can be used to study aspects of plant genome architecture [74]. The binding of dCas9
on highly transcribed genes is an active process that depends mainly on transcription
activity. Furthermore, dCas9 can access both nucleosome and highly condensed chro-
matin compartments. Therefore, CRISPR/dCas9 is an efficient tool to employ different
fluorescent molecules and effectors to define genomic regions where it can genetically and
epigenetically modulate the markers or track the chromatin dynamics in living cells [75].

3.4. Fine-Tuning Plant Gene Expression Regulation

In addition to generating mutations in coding regions, gene expression modulation is a
constructive approach towards investigating gene functions. Investigations on intracellular
pathogen, Francisella novicida, led to the improvement of CRISPR/Cas9 as a gene regulatory
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machinery. The virulence factor that inhibits the bacterial lipoprotein (BLP) production
is governed by the FTN-0757 gene in Francisella novicida.FTN-0757 can also function as a
type II Cas9 protein that, in connection with tracrRNA, inactivates the expression of BLP.
Precise gene expression modification by means of activation or repression can explain the
role of individual genes in many developmental activities [76,77]. Unlike TAL proteins,
CRISPR-Cas9 is more suitable for transcriptional regulation because of simplistic engi-
neering. Unprecedented opportunities are presented by dCas9-mediated gene regulation
through multiplex gene repression, activation, and epigenome editing to design artificial
transcription factors that could be useful to build efficient, complex, and programmable
gene circuits. In Arabidopsis, a study reported a 400-fold increase in AtFIS2 gene expres-
sion when targeted by dCas9-VP64 to a highly methylated promoter region. The results
confirmed that methylated DNA is challenging to target with TAL proteins, but easily
accessible by CRISPR-Cas9. Further improvement of CRISPRdCas9 based transcriptional
regulation for achieving higher efficiency rates in plants is predicted [78]. In a recent study,
promoter regions of genes coding for quantitative traits, such as SlS, SlCLV3 and SlSP, were
edited for the first time ever, leading to a range of variations and mutated alleles with
improved yields in tomato [79].

At the translational level, gene regulation by upstream open reading frames
(uORFs) is considered to be a common process that directs protein synthesis from
downstream primary ORFs (pORFs) [80]. Researchers reported that the gene editing of
uORFs allows for the translational control of mRNAs from four primary ORFs (pORFs)
that play a role either in development or antioxidant biosynthesis. They revealed
that CRISPR/Cas9 mediated genome editing of endogenous uORFs of LsGGP2 in let-
tuceencoded an important enzyme for vitamin C biosynthesis. This editing resulted in
enhanced ascorbate content by 80–180 percent and also increased oxidation stress toler-
ance. This study indicates that editing plant uORFs offers the potential for fine-tuned
mRNA translation that could be useful in dissecting biological processes and enhance
crop improvement [80].

3.5. Engineering High-Efficiency Delivery Platforms for Plant Genome Editing

High efficiency gene-editing entails the delivery of Cas9 protein and gRNAs to target
cells. Thus, delivery of CRISPR reagents and genome editing specificity are popular
research areas for emerging high-efficiency genome-engineering technologies [21,81]. Plant
genome editing technology depends on Agrobacterium tumefaciens or direct gene transfer by
using biolistic bombardment of gold particles with the help of tissue culture techniques
[82–84]. Susceptibility of plant cells to Agrobacterium infection is a complex trait, resulting
in highly diverse delivery efficiencies between species and ecotypes [84]. Microparticle
bombardment facilitates delivery of RNA, DNA or protein bound usually to gold particles
to the cells. Both particle bombardment and Agrobacterium mediated method are generally
used to deliver reagents to somatic cotyledonary leaves or true leaves. Despite the fact
that both methods are sufficient for transient assays, delivery to non-germinal tissues
require further steps to create germinal whole modified plants from the somatic tissue [85].
However, in many crop species, genetic transformation and regeneration from cultured
cells is inefficient as it is time consuming in terms of selection and characterization of
mutants and can result in somaclonal variations, thus creating additional mutations in
their genome and epigenome. Therefore, to quell this problem, using tissue culture-free
GE systems, such as viral delivery, ribonucleoproteins (RNPs) and nanoparticle systems
offer other alternatives in the GE process. The vehicles that transport GE system cargo
are classified into physical delivery [86,87], viral vectors [88], and non-viral vectors [89].
Tissue culture-free plant genome engineering is possibly easier, economical, and less labor-
intensive. Simultaneously, it could enhance the efficiency of CRISPR/Cas and decrease the
period of generation of edited plants [89,90].

Somatic reprogramming is an evolving alternate to conventional regeneration, in
which cell fate is decided by expressing morphogenic genes [91]. Somatic embryogenesis
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has been accomplished by the overexpression of maize WUSCHEL (WUS) and BABYBOOM
(BBM) genes. Since being first demonstrated in maize, the use of WUS and BBM for gener-
ating somatic embryos, which develops into a whole plant through many developmental
stages, has been revealed to be exceptionally effective and broadly applicable.

Plant virus vectors have rapidly become one of the widespread means for different
applications of genome editing, including the commercial production of valuable pro-
teins and gene silencing [92,93]. The efficient machinery and complete genome structure
make viruses exceptional vectors [93]. Recently, virus-based vectors with autonomously
replicating machinery have been confirmed as an efficient way of delivering GE reagents
in plant cells. Both RNA virus (Tobacco rattle virus) and DNA viruses (Wheat dwarf virus,
Bean yellow dwarf virus and Cabbage leaf curl virus) are efficient gene targets in model
plants like Nicotiana benthamiana and other important crops (tomato, potato, wheat and
rice) [93]. Gemini viruses are plant viruses possessing small circular single stranded (ss)
DNA genomes that can efficiently control plant cell functions, entailing immense potential
for biotechnology and reverse genetic approaches. Interestingly, various research groups
have explained that geminiviral infection promotes somatic homologous recombination
and it can be deduced from transcriptome analysis of geminivirus-infected plants [92],
though the viral elements necessary for this purpose are left undetermined.

DNA-based delivery of CRISPR reagents has been extensively used in a variety of
plant species. However, the protein-based delivery of the in vitro translated Cas9/gRNA
RNP complex is still in progress. Delivery of the proteins has some advantages, such
as DNA-free delivery, non-transgenic genome edited plants, convenient, cost effective,
relatively easy to adapt to high-throughput methods, and low off-target activity. Re-
searchers reported a unique lipofection-mediated gene editing method in plants for the
delivery of proteins using preassembled transgene-free Cas9/gRNA RNP [94]. Two lipo-
fection reagents, RNAiMAX and Lipofectamine 3000, were utilized for transfection of
non-transgenic tobacco plant protoplasts with Cas9/gRNA RNPs. The maximum effi-
ciencies for RNAiMAX and Lipofectamine 3000 mediated protein delivery were 48 per-
cent and 66 percent, respectively. Additionally, a biolistic technique was established for
Cas9-GFP/gRNA RNP delivery into non-transgenic tobacco BY2 lines that rely on the
known proteolistic method. These results showed that the Cas9-GFP/gRNA RNP com-
plex maintained integrity while targeting BY2 cells and the intact RNP molecules were
effectively transported into the BY2 nuclei. Therefore, the lipofection approach would be
a competent method to transport the Cas9-GFP/gRNA RNP into BY2 cells with higher
targeted mutagenesis frequency, as compared to biolistic-mediated protein [95] and the
PEG-mediated DNA delivery method [96]. Thus, this study finally demonstrated that this
novel lipofection-mediated transfection strategy is fit for DNA-free Cas9/gRNA delivery
for genome engineering in plant cells. It may possibly expand the use of genome editing to
engineer recalcitrant crops and cultivars, as the potential for regenerating a completely new
plant with a manipulated genotype from the edited protoplasts [97,98].Besides, gene-edited
plants generated via the lipofection approach are transgene-free owing to its transient,
DNA-free nature, which is mainly significant for clonally propagated crops, such as sweet
potato, potato and strawberry, where crossing and segregation for transgene removal result
in a complete change of the genotype [94].

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 [99]. 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) [100]. PAM sequence require-
ment restricts the probable target sequences in a gene of interest when it comes to inactivate
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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 [33] from Streptoccocus thermophilus and SaCas9 [33,101]
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 VI. 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 [102]. 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 [32].

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 [100]. 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 [34,99] in a non-specific manner, which is a completely different way from
Cas9 that cleaves dsDNA creating, blunt end DSBs. The former cleavage structure offers
certain benefits for directed gene insertion utilizing NHEJ [103]. Cpf1 usually generates
larger indels (≥6 nucleotides) besides possessing not only DSB-inducing activity, but also
RNase III activity implicated in pre-crRNA processing [100]. This activity of Cas12a can be
exploited in multiplex genome-editing through a tandemly arrayed pre-crRNA-expressing
construct [102]. Genome-editing via Cpf1 has been already tested in various plants. Surpris-
ingly, highlighting the high specificity of Cpf1, there was no off-target edits found in these
plants [99]. 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 [104]. Cpf1 may also cleave RNA, which further enhances the functionality to
this class of nucleases [105]. Moreover, the capacity of multiplex genome-editing can be
improved by the combination of different CRISPR systems [106].

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 [107].

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 transforma-
tion 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 [108]. The different methods for
generating transgene-free and CRISPR-edited plants are illustrated in (Figure 4). Alter-
natively, Agrobacterium can facilitate transient transformation of plant cells [109,110] 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 [111] (Figure 4E). In general, 10% of
tobacco plants were transgene-free and edited. Moreover, no sexual segregation is required
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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, Agrobac-
terium 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 trans-
formation. 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 [99].

Figure 4. Commonly used approaches for developing transgene-free and CRISPR-edited plants (A) CRISPR gene editing
followed by agrobacterium/biolistic transformation obtaining 25% T0 transgene free plants by following Mendelian
segregation. (B) Nanoparticle and RNP mediating gene editing. DNA, RNA, or RNP coated nanoparticles can deliver
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.
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Most plant genome-editing approaches involve the delivery of the expression cas-
sette 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 ob-
served 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 [112]. 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 [112]. 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.

Plants stably transformed with CRISPR-Cas9 by harboring insertions and deletions
(indels) at the target loci may often contain undesirable mutations at both on-target and
off-target sites [113]. The use of gene-editing in crop biotechnology has been limited,
as genome-edited plants were often considered to be genetically modified organisms
(GMOs) and strongly regulated in many countries. Since genetic segregation can remove
the foreign gene, but in asexually reproducible plants, this is not feasible. Moreover,
excision of the CRISPR/Cas9 transgenes by genetic segregation and backcrossing is
time consuming and arduous [114]. In addition to being foreign to DNA, gene-edited
plants have not been approved by some regulators since recombinant DNA constructs
were used in their development [115]. Therefore, efforts have been made by various
research groups throughout the world in developing methods to generate CRISPR-
edited DNA (transgene)-free plants. Advances in DNA-free genome editing involve
the delivery of a mix of mRNA and gRNA encoding Cas9 [112] or pre-assembled
ribonucleoproteins (RNPs) (Figure 4F) [116]. The RNPs have turned out to be a favorable
tool for DNA-free genome-editing in crop plants. Recently, protoplasts of four plant
species transfected with RNPs induced successful targeted gene modifications [117], but
only mutant lettuce plants from RNP-transfected protoplasts may be regenerated [117].
At present, a small number of plant species, few of which are monocots, are being
regenerated from protoplasts. Alternatively, particle bombardment was used to deliver
RNPs into maize and wheat embryos to harvest gene-edited plants [57]. Genotype
independent approach in the study confirmed that overexpression of Wuschel2 (Wus2)
and Baby boom (Bbm) from maize (Zea mays) improved transformation frequencies in
maize, rice (Oryza sativa spp. indica), sugarcane (Saccharum officinarum) and sorghum
(Sorghum bicolor) [118]. Toda and coworkers demonstrated the DNA-free gene-editing
method through direct delivery of Cas9-gRNA RNPs, which were transfected into rice
zygotes developed by in vitro fertilization of isolated gametes [119]. The mature plants
grown from zygotes without the use of selection agents resulted in regenerating rice
plants with targeted mutations in 14–64% of plants. This proficient DNA and selectable
marker-free genome editing approach has tremendous potential for improving rice
and other crop species of economic importance. Moreover, various recent studies
have reported DNA-free CRISPR/Cas mediated plant transformation (Table 2). This
approach should be optimized, along with the identification of more Wus2- and Bbm-
like genes, to attain effective plant transformation and to increase the scope plant
genome editing.
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Table 2. DNA-free genome editing approaches used in recent studies.

S.No. Plant Species Trait GE
Technique Tissue Delivery

System Method References

1
2
3
4

Arabidopsis thaliana
Lactuca sativa

Nicotiana attenuate
Oryza sativa

POC CRISPR/Cas9
RNPs Protoplast PEG fusion Targeted deep

sequencing [117]

5 Nicotianabenthamiana
POC

Herbicide
resistance

TALEN
mRNA

protoplasts
PEG fusion

n.d [120]

6 Chlamydomonasreinhardtii Yield
Abiotic stress

CRISPR/Cas 9
RNPs Single cells Electroporation Deep

sequencing [121]

7 Ch.reinhardtii POC CRISPR/Cas9
RNPs Single cells Electroporation WGS [122]

8
9

Malus domestica
Vitis vinifera Biotic stress CRISPR/Cas9

RNPs Protoplasts PEG-fusion n.d [123]

10 Zea mays
Male sterility

Herbicide
tolerance

CRISPR/Cas9
RNPs

Immature
embryos Biolistic n.d [57]

11 Petunia hybrid Herbicide
Resistance

CRISPR/Cas 9
RNPs Protoplasts PEG-fusion n.d [124]

12 Triticumaestivum Yield CRISPR/Cas 9 immature Biolistic PCR-RE [112]

13 Non-albicans candida POC CRISPR/Cpf1
RNPs Single cells Electroporation n.d [115]

14 Ch.reinhardtii Poc, Gene CRISPR/Cpf1 Single cells Electroporation n.d [125]

15
16

Glycine max
N. attenuate

Fat synthesis
POC

CRISPR/Cpf1
RNPs Protoplasts PEG- fusion Targeted deep

sequencing [126,127]

17 T. aestivum Yield CRISPR/Cas 9
RNPs

Protoplasts,
Immature
embryos

PEG-fusion,
Biolistic

Sanger
sequencing [128]

18 Solanum tuberosum Starch
synthesis

CRISPR/Cas9
RNPs Protoplasts PEG-fusion n.d [129]

19 T. aestivum Yield/POC CRISPR/Cas9 Protoplasts PEG-fusion n.d [128]

20 O. sativa Yield/POC
Cpf1 RNPs,

TALENS
proteins

Immature
embryos PEG-fusion n.d [128,130]

Recently, a group of researchers developed a method that eliminates plants with
CRISPR constructs in a drug-dependent manner by taking advantage of the RNA interfer-
ence (RNAi) [131]. Rice plants with cytochrome P450 CYP81A6 gene makes them resistant
to sulfonylurea and bentazon herbicides, and thus the plants with CYP81A6 showed hyper-
sensitivity to bentazon. This strategy can significantly reduce the labor required to select
transgene-free plants (Figure 4C).

CRISPR-mediated gene editing depends on the efficient delivery of gRNAs and nucle-
ases in plant cells, but transformation is difficult in many plant species. Nanoparticles can
be used to deliver CRISPR components (either DNA/RNA or RNP) into plant cells beyond
transformation (Figure 4B). A variety of nanomaterials, such as magnetic nanoparticles
(MNPs), carbon nanotubes (CNTs) and carbon points, were used in plant genetic engi-
neering as delivery vehicles [15,132,133]. Magnetofection was described as a promising
and highly efficient method of the gene carrier for plant genome editing. It works on the
principle of magnetic force to promote DNA uptake associated with MNPs into targeted
plant cells [134–136]. Magnetic nanoparticles can link pollen-grains that are made possible
by magnetic force. The pollen grains infiltrated by nanoparticles are still viable, remain
viable after (gene delivery), can pollinate cotton plant, and can successfully introduce
marker genes into cotton, indicating that transformation-independent platforms of genetic
engineering could be possible in plants. This method is simple, rapid, culture-free, geno-
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type independent, and capable of multi-gene targeting [125,137]. However, there are no
reports of transient transformation via pollen magnetofaction in several monocot species.
Vejlupkova and coworkers were unable to reproduce any evidence of transient transfor-
mation in lily pollen via magnetofection [138], as reported by Zhao et al. [137]. CNTs can
be used to deliver biomolecules in protoplasts and plant cells without degradation by
cellular metabolic enzymes [136,139,140]. At the University of California, it has been estab-
lished that diffusion-based biomolecules, such as DNA or other cargo, could be delivered
into intact plant cells in a species-independent approach [136,139,140]. Recently, LEEP
(Lipid Exchange Envelope and Penetration) model was exploited to alter nanomaterials
for delivery of biological molecules to particular plant organelles [141]. Chitosan com-
plex SWCNTs (CS-SWCNTs) may deliver plasmid DNA selectively to tobacco, watercress,
spinach and Eruca sativa plants in chloroplasts. In a similar study, arginine functionalized
SWCNTs (Arg-SWCNTs) and chimeric peptides were engineered for the delivery of DNA
into the intact root cells of tobacco, resulting in plant transformation. Recently CNTs were
used for gene transfer in German chamomile cells [142]. However, there is currently no
study on CNTs delivering gene-editing components into plant cells for editing target genes
successfully [143].

Nanoparticles may supply gene-editing reagents to any plant cell, including meristem-
atic ones, thus offering great potential for plant genetic transformation over conventional
methods of gene transfer [136,144]. While the capability of nano-biotechnology in plant
gene editing is still in its infancy stage, including the nanoparticles safety for human health
and the surrounding environment, huge potential and progress in our current understand-
ing of nanoscience would still accelerate the progress of nanomaterials as an incredible tool
for plant genome engineering.

6. Methods for Detection of Mutation/Edits Created by CRISPR/Cas9

The most important and challenging step after the successful delivery of CRISPR/cas9
cassette is the (a) selection of transformants with mutations and (b) the elimination of
CRISPR–cas9 cassette, as the presence of it in transformations can increase the rate of off
targeting [126,145,146]. However, by selfing and back crossing CRISPR-cas9 cassette can
be eliminated in T2 generation and Cas9 free mutants can be produced. Various methods
can be employed for the detection of mutation, which ranges from noticeable phenotypic
changes to molecular characterization of transformants.

6.1. PCR Based Detection

One of the most common and effective methods for the detection of edited DNA
sequences in genomes is PCR. Various PCR-based techniques have been developed to
identify homozygous/biallelic mutants. If a sequence of target DNA is known, then
complementary oligonucleotide primers can be applied for the amplification of the targeted
region. Guo and coworkers developed an efficient and cost effective mutation-site-based
specific primers Polymerase chain reaction (MSBSP-PCR) method for identification of
homozygous/biallelic mutation in Nicotiana tabacum and Arabidopsis. Additionally, this
method could be utilized in other plant species for the identification of mutants based
on its on and off potential [147]. Another group of scientists demonstrated a method
that detects mutations on the basis of single strand conformational polymorphism (SSCP)
for the successful detection of mutants in rice [148]. This technique involved the PCR
amplification of the mutated region using a specific set of primers and denaturation of the
amplified product, and the mutated region was identified by SSCP analysis, as the mutated
single strand will migrate differently from the wild type on PAGE. By this method, they
successfully identified multiple OsROC5 and OsDEP1 mutants in rice.

6.2. Sequencing Based Detection

Sequencing is a powerful method for the detection of mutation in the genome by
sequencing the region that contains mutation. There are different sequencing techniques
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available. Sanger sequencing (first generation sequencing method) works well if targeted
sequence is known [149]. Another way is whole genome sequencing using next generation
sequencing (NGS) platform. WSG does not require the prior information of targeted site, as
in case of Sanger sequencing. NGS works on the principle of massive parallel sequencing
that generates millions of reads at once, but the disadvantage is the size of the reads
(300–700 bp), so large indels cannot be detected [149,150]. This limitation of the NGS
has been overcome by third generation sequencing methods such as PacBio. PacBio
sequencing is powered by Single molecule real time sequencing technology (SMRT), which
can sequence an average length of (8.5 kb) and hence large indels can be identified, but
SMRT has a higher error rate compared to NGS and Sanger sequencing.

6.3. Fluorescence Marker Assisted Detection

Fluorescence markers are the visual markers used in various studies for the selection
of predicted mutants based on its on and off potential. In an investigation, the mCherry
fluorescence marker was linked to CRISPR constructs in the same plasmid in order to use
mCherry as an alternative for transgenes [145]. Additionally, mCherry was controlled by
a strong seed promoter At2S2, enabling the easy detection of transgenic seeds from non-
transgenic seeds, thus significantly reducing the labor required to obtain CRISPR-edited
transgene-free plants. The CRISPR-assisted fluorescence marker technology can be used
simply in other plants (Figure 4D). This technology has significantly simplified genome
editing in Arabidopsis [151] and rice [152]. Transgenic T1 seeds of edited plants can be easily
recognized by the intense red florescence. As Cas9 and gRNA are associated with the same
plasmid, the fluorescence intensity generally correlated with their expression levels, thus
providing evidence to select plants with high gene-editing efficiency. While this technology
reduces labor by 75%, the method still needs a substantial amount of effort and time [153].
In some cases, gene silencing of the fluorescence gene occurs in mutants, so in order to
confirm, PCR should be combined with fluorescence marker screening [154].

6.4. Transgene Killer CRISPR Technology

It has been demonstrated that Transgene Killer CRISPR technology (TKC technology)
improved transgene-free and CRISPR-edited plant recognition by deliberately and automat-
ically deleting any plant comprising the CRISPR/Cas9 structure [155]. They employed a
pair of suicide transgenes that successfully killed all CRISPR/Cas9 containing T0 generated
pollen and embryos, and consequently eliminated all the transgenes effectively from the
T1 plants. This CRISPR architecture would significantly save the time and energy needed
to separate transgenic-free and edited plants. This technology has been successfully used
to isolate CRISPR/Cas9 edited and DNA-free rice plants [155]. Researchers selected the
OsLAZY1 gene to validate the efficiency of this technique in isolating transgene-free gene-
edited plants [153]. A molecular investigation confirmed that all the progeny obtained
from T0 plants using TKC technique were transgene-free, while at least 75% of the progeny
generated from T0 plants from customary CRISPR vectors still had the transgenes. Further,
it was demonstrated that the TKC system is very competent in both gene editing and
in isolating the transgene-free plants as all the T1 plants studied were gene-edited and
transgene-free [155]. The TKC method can be easily utilized and TKC vector construction
involves fewer steps compared to the traditional CRISPR vectors. Conventional cloning
techniques are used to insert specific gRNA cassette into the TKC plasmid vector. Moreover,
transgene-free and genome edited plants can be generated in a single generation using
TKC-enabled genome engineering. Additionally, to assess the applicability of TKC technol-
ogy, plasmid TKC-D3 was generated in order to target the gene DWARF3 (D3) involved in
the reaction to strigolactone [155]. Additionally, transgene-free progenies were produced
from two separate plants at T0 generation [155].

In the beginning, the CaMV35S promoter was used by TKC vectors only to drive the
expression of CMS2 killed pollen cells, and thus the presence of ubiquitous CMS2 in plants
is not perfect. Various reports revealed that CMS2 protein accumulation increased the
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susceptibility of plants to drought, as compared to wildlife [156]. Furthermore, promoter
CaMV35S does not fit in monocots than dicots [157] and often experiences epigenetic
changes, which lead to gene silencing [158]. TKC technology has been improved by offering
two novel TKC vectors that replace the CaMV35S promoter with two rice promoters in
order to drive the suicide genes that accelerated gene editing efficiency and transgene
removal from CRISPR/Cas9-edited rice [155]. Novel TKC vectors could offer advantages
in contrast to TKC1.0 under certain circumstances. This improved TKC technology offers
more opportunities and plasticity to carry out gene editing in rice, which may subsequently
speed up crop improvement [153].

In conclusion, the marker-assisted selection of transgenic-free CRISPR-edited plants
and TKC technology are highly effective in the elimination of transgenes in sexually
reproductive plants. However, the RNP-based DNA-free technology, nano-biotechnology,
and short-term expression of CRISPR genes allows for the production of transgene-free
edited plants for non-sexually reproduced crops, such as citrus and grapes. To eradicate
transgenes efficiently and easily in both non-sexually and sexually crops, further updating
of the current technology and the creation of novel technologies are also needed. This
strategy can be easily adopted for other plant species, including woody plants that can be
transformed through tissue culture and even more beneficial for crops that have long life
cycles and produce fewer seeds.

7. Multi-Gene Targeting and Complex Genetic Engineering

The CRISPR/Cas system can be used as an efficient and precise gene-editing vehicle
for multiplexed genome editing, i.e., the simultaneous targeting of multiple genes with
a single molecular construct uses multiple sgRNAs as a separate transcription unit or in
polycistronic form. This is one of the major advantages of CRISPR/Cas9 technology, as
compared to previous genome editing tools, e.g., ZFNs and TALENs. It is easy and simple
to use more gRNAs on the similar or other T-DNA construct. Multiplex genome-editing
can be achieved by using multiple promoters, but a single promoter is preferable in or-
der to express each gRNA and to fit the entire system into smaller vectors, provided the
effectiveness of the mutations is maintained. This was seen with a polycistronic gene
spacing the gRNAs with tRNA genes, Cys4 recognition sites and ribozyme sites [4,105].
CRISPR/Cas9 mediated targeted editing by the ribozyme-gRNA-ribozyme (RGR) system
in the case of Arabidopsis and yeast has been reported [158]. The RGR system has been
used to describe the single promoter-driven CRISPR/Cas9 mediated mutagenesis in mam-
malian cells [158,159]. Recently, it has been reported that hammerhead ribozyme, one of
the RNA processing machineries, could be used to produce functional gRNAs to express
CRISPR/Cas system in plants [160]. The Cys4 processing system that utilizes the CRISPR
type III RNase, Cys4, to cut the 20 bp sequences flanking the gRNAs can be used for
successful CRISPR/Cas9-mediated targeted mutagenesis in plants [67]. Besides, multiplex
gRNAs has been generated from a single transcript using the polycistronic tRNA-gRNA
genetic system in plants [161]. Various facts suggest that the methods of tRNA and Cys4 us-
ing the cestrum yellow leaf curling virus (CmYLCV) promoter are unsurpassed in inducing
mutations, as compared to the gRNAs expressed from individual Pol promoters [67]. Thus,
the efficiency of CRISPR/Cas9 mediated targeted mutagenesis can be improved by Pol II
promoters to express gRNAs in comparison to Pol III promoters. Multiplex genome-editing
has been achieved in tobacco BY-2 suspension cells and rice protoplasts transcribing gRNAs
spaced with tRNAs. Multiplex genome engineering has also enabled large chromosomal
deletions utilizing two gRNAs targeting different sites. Moreover, any deleted region can
be replaced with a preferred gene by homologous recombination, provided that the gene of
interest should be flanked by sequences corresponding to target regions of the gRNAs [162].
Recently, the CRISPR/Cas9 system was used successfully to target several genes in proto-
plasts and suspension cultures of wheat. Genome editing has been demonstrated using
Agrobacterium-mediated transformation in bread wheat in PEG-transfected protoplasts,
cell suspension cultures and electroporated microspores. Regeneration of edited wheat
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plants was accomplished by immature embryos, immature embryo-derived callus or apical
meristems fired by particle bombardment or agrobacterial transformation. Multiplexed
genome targeting in multiple loci has also been performed in polyploidy wheat genome by
homologous recombination utilizing virus based CRISPR/Cas machinery. Tobacco rattle
virus has been used to transform tobacco plant with RNA to insert multiple gRNAs overex-
pressing Cas9 resulted in multiplex genome-editing [163]. Thus, multiplex genome-editing
by using the CRISPR system in Arabidopsis, maize, wheat and tobacco has revealed the
significant advantages of RGENs over other programmable nucleases. In addition, Cpf1’s
superiority in manipulating its own crRNA provides a competent tool for editing multiplex
plant genomes. Thus, the CRISPR platform represents a highly effective gene pyramiding
system as it enables simultaneous multiple-trait modifications.

8. Base Editing for Plant Breeding and Crop Improvement

Recently, a novel technique based on the CRISPR-Cas9 system termed, ‘base editing’,
was developed. It edits single DNA bases at the specific sites in the genome without creating
DSBs or incorporating a foreign DNA template and is HDR independent [164]. Base editing
could be more efficient in targeting base correction than HDR-mediated gene replacement
with low rates of indel formation. Furthermore, it is more difficult to generate an HDR
plasmid than to construct a base-editing vector. Since its development in 2016 by David
Liu and colleagues [69], various base-editing tools have been developed to insert point
mutations in both dividing and non-editing cells of diverse array of prokaryotes, fungi,
animals, plants, and microbes. Rapid developments in base editing have considerably
reduced undesired editing, thereby increasing the space and efficacy of genome editing.
Base editing can install all the four transition mutations, in all the four bases (Guanosine,
Adenine, Cytosine and Thymine), G→ A, A→ G, C→ T and T→ C in the genome with
the existing CRISPR/Cas base editors. The cytosine base editor (CBE) can insert a C– G to
T–A mutation, whereas the adenine base editor (ABE) can change an A–T base pair into a
G–C pair. In RNA, Adenine (A) to Inosine (I) conversion is also possible with the aid of the
RNA base editor (RBE) [164]. The applications of CRISPR/Cas-mediated base editing in
plants has been highlighted in Table 3.
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Table 3. CRISPR/Cas-mediated base editing in plants.

S.no. Plant Gene Targeted Base Editor Delivery Editing Frequency Indel
Frequency References

1 Arabidopsis ALS BE3 Agrobaterium mediated 1.7% NR [165]

2 Rice PDS, two loci in
OsSBEIIB BE3 Agrobaterium mediated 0.1–20% 0–9.61 [63]

3 Rice NRT1.1B, SLR1 BE3(-UGI) Agrobaterium mediated 0–13.3% 10% [166]

4 Rice CDC48 BE3 Agrobaterium mediated 43.5% 0% [167]

5 Maize CENH3 BE3 Agrobaterium mediated 10% NR [167]

6 Wheat LOX2 BE3 Particle bombardment 1.25% 0% [167]

7 Rice ALS, FTIP1e Target-AID Agrobaterium mediated 6–89% 10–62% [168]

8 Tomato DELLA, ETR1 Target-AID Agrobaterium mediated 41–92% 16–69% [168]

9 Rice CERK1, SERK1, SERK2,
Ipa1, pita, BRI-1 BE3 Agrobaterium mediated 0–38.9% 0% [169]

10 Rice ACC, ALS, CDC48,
DEP1, NRT1.1B ABE7.10 Agrobaterium mediated 3.2–59.1% 0% [56]

11 Wheat DEP1, GW2 ABE7.10 Particle bombardment 0.4–1.1% 0% [170]

12 Rice calli MPK6, MPK13, SERK2,
WRKY45, Tms9-1

ABE7.10
ABE7.8 Agrobaterium mediated 0–62.26% 0% [171]

13 Arabidopsis FT, PDS3 ABE7.10 Agrobaterium mediated 0–85% NR [172]

14 Brassica napus ALS, PDS ABE7.10
ABE6.3, ABE7.8, ABE7.9 Protoplast transformation 8.8% <0.1% [172]

15 Rice

SPL14, SLR1, SPL16,
SPL18

SPL14, SPL17
SPL16, SPL18

ABE7.18
ABE-Sa

Sa Cas9-nickase
Agrobaterium mediated 12.5–26%

17–61% 0% [173]
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Table 3. Cont.

S.no. Plant Gene Targeted Base Editor Delivery Editing Frequency Indel
Frequency References

16 Rice

SPL13, SPL14,
SPL16, SPL17
SPL18, GRF4
TOE1, IDS1
MTN1, SNB
PMS1, PMS3

SNB

ABE-Sa
ABE-VQR
ABE-VRER

ABE-SaKKH
BE3, VQR-BE3

SaKKH-BE3

Agrobaterium mediated
Particle bombardment

0–74.3%
0–80%

0%
NR [174]

17 Wheat ALS, MTL hA3A-BE Particle bombardment 16.7–22.5% 0% [175]

18 Rice CDC48 hA3A-BE
NRT1.1B Agrobaterium mediated 44–83% 0% [175]

19 Potato GBSS hA3A-BE Protoplast transformation 6.5% 0% [175]

20 Rice calli EPSPS, ALS, DL Target-AID-NG Agrobaterium mediated 5–95.5% 0–68% [38]
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In a recent study, precise point mutations were successfully introduced into three
target sites in rice using base editing, hence providing an effective and efficient tool for
targeted gene editing in plants [176]. The most precise and efficient version of Cas9 devoid
of the nuclease activity (dCas9) is composed of Cas9 nickase (Cas9-D10A) and cytidine
deaminase. This version leads to base transitions from G→ A or C→ T, along with uracil
glycosylase inhibitor (UGI) inhibiting base excision repair. The improved version of Cas9
known as BE3 (APOBEC1-XTEN-nCas9-UGI) constitutes the third generation of base editor,
BE3 which cleaves the non-complementary strand and causes specific base-editing via
manipulating DNA repair machinery in cells. The base editing efficiency of BE3 ranges
from 15–75 percent with minimum indel formation in case of animals [69]. Site-specific C to
T changes can be produced in various plant species via codon-optimized base editors. The
human APOBEC3A-based plant cytidine base editor was used in wheat, rice and potato
to convert C to T, independently of the sequence context [175,177]. It has been found that
deamination window of base editing in plants is wider than in animal cells with almost no
indel formation in the edited plants. Consequently, base editing is highly specific and a
potent tool in plants for generating point mutations to improve crop genetics and breeding.

Cytidine deaminase not only converts desirable C, but also converts other Cs within
the deamination window, and has been recently engineered to reduce its window from
~5 to 1–2 bases [99]. However, CBEs generate more indels, off-target editing, and undesired
mutations than do ABEs (164). Furthermore, the target range of base editing has been
expanded by using several engineered and natural Cas9 variants with diverse PAM re-
quirements. Hence, base editing widens the efficacy and scope of CRISPR-Cas9-mediated
genome-editing for producing point mutations in plants, ultimately making it possible to
target every single nucleotide within the genome.

Thus far, all the base editors described above mediate C:G→ T:A conversion. However,
seventh generation ABEs have been developed to change a targeted A to G and T to C
in the opposite strand [178]. Ideally, adenosine deaminase fusion with the catalytically
impaired CRISPR/Cas9 mutant would produce ABE. However, there was no enzyme
identified to deaminate adenine in DNA [164]. A group of researchers conducted protein
evolution and protein engineering to develop an adenine deaminase that can operate on a
genomic DNA [178]. The evolution of tRNA adenosine deaminase (ecTadA) in E. coli, and
the introduction of some mutations gave rise to TadA* which can deaminate efficiently
about 53 percent adenine in DNA. Amongst four ABE classes reported, ABE7.10 is the most
effective, and likes to target A at 4–7 protospacer positions, whereas the other three ABE6.3,
ABE7.8 and ABE7.9 perform well when A is at position 8–10. These ABE’s catalyze A→ I
deamination, which is then recognized as G by the DNA polymerase, and after replication,
the A–T base pair gets finally converted to a G–C one. This early development specifying
the role of ABEs was reported in rabbit, mouse, wheat, rice, Arabidopsis, Brassica napus,
and oilseed rape [172,173,177,179–181].

RNA base editing can offer great experiences for the life sciences and possibly for
medicine. Due to the single-stranded nature of RNA, 12 promising base editors that
function on RNA instead of six that operate on dsDNA are required to cover up all
the possible variations. The RNA base editor (RBE) has been created by catalytically
fusing inactive nucleases (dCas13b) with adenosine deaminases from ADAR (Adenosine
Deaminase Acting on RNA) family. In RNA, RBEs convert a targeted base A to an I,
and RNA base editing alters the protein with no permanent alterations in the genome.
Recently, researchers have developed the REPAIR (RNA editing for programmable A to I
replacement) system as a result of fusion between catalytically dead RNA guided Cas13
enzyme (dCas13) with ADAR2 deaminase [182,183]. As splicing and translation machinery
reads inosine as guanosine, incorrect mutations of G→ A could be then corrected by the
REPAIR platform [184]. It was reported that REPAIRv1 virtually targets all RNA because
Cas13 does not need PAM, whereas REPAIRv2 is an improved version because it decreases
the off-target editing by 900-fold than REPAIRv1 [182].
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Base editing has been used to regulate the RNA splicing pathways by generating
point mutations at a splice donor site (GU) and a splice acceptor site (AG) at the 5′ and
3′ end, respectively, resulting in mis-splicing and loss of specific splice forms. In a recent
study, point mutations at the splicing acceptor site of an intron by A → G conversion
leading to changed splicing process of AtPDS mRNA [172]. 5′ splice donor sites have
been disrupted by converting G to A using Cas9-directed base editor in four Arabidopsis
genes resulting in intron retention of AtHAB [185]. Silencing of AS of HAB1.1 revealed
its role in abscisic acid signaling, whereas manipulates the splicing of AS of RS31A and
validated its function for the first time in plant response to genotoxic treatment. Another
group of researchers have used Cas9-derived cytosine base editor to convert C→ T by
disrupting the highly conserved intron acceptor site AG or donor site GT, thereby creating
mRNA mis-splicing-induced null mutants of AtMTA in Arabidopsis in T2 generation and
double null mutant of GL1-1 and NAL1 genes in rice in T0 generation [186]. This type of
manipulation of mRNA splicing by base editing in plants and other eukaryotes provides
an efficient tool for validating the gene-splicing function and regulation.

The base editors could provide a ‘high-density mutant population’ and assist the
artificial evolution of agronomically relevant loci, unlike the random mutagenesis-mediated
TILLING technique, which creates the least mutation density for a particular gene of
interest [187]. Broad-spectrum resistance in potato achieved by in vitro evolution of the
NBS/LRR domain was found to be connected to plant fitness cost, which will possibly be
removed by the random mutagenesis technique [188].

One of the most critical and demanding factors for the therapeutic achievement of
BEs and Cas-derived gene-editing tools is the safe and efficient release of the editing
reagents to the target cells [189]. The important factor for attaining successful delivery is
selection of the suitable cargo [DNA/ RNA/RNP (ribonucleoprotein)], delivery vehicle
(physical/chemical/viral) and size of the Bes [189,190]. Besides DNA-free base-editing
approaches, the detection of new small size Cas9 orthologs, such as CasX, would assist
the delivery of effective therapeutics [191]. Further advancements in modulating the
BEs’ expression and overcoming the sequence preferences of CBEs would enhance
their efficiency.

The target base and specific PAM sequence (NGG PAM for SpCas9) ought to be within
a narrow base-editing window for successful base editing [13,164,178,191]. The limitation
of this specific PAM requirement reduces the editing efficiency in plants. To expand the
PAM compatibility and scope of base editing, many research groups have produced new
ABE and CBE base editors using Cas9 variants, which recognize PAMs from the NGG
motif [37,38,173,192,193].

Recently, Ren and coworkers demonstrated PAM-less plant genome editing in rice
and the Dahurian larch, using an engineered SpRY Cas9 variant [194,195]. Using the non-
homologous end joining (NHEJ) repair pathway, they have efficiently induced targeted
mutagenesis at relaxed PAM sites in rice and protoplasts of Dahurian larch. In addition,
a SpRY-based cytosine base editor has been developed and established by the directed
evolution of new herbicide resistant OsALS alleles in rice. In the same way, an extremely
active SpRY adenine base editor has been developed on the basis of ABE8e [196] and
SpRY-ABE8e was capable of targeting relaxed PAM sites in rice plants, showing up to 79%
editing efficiency with high product purity. Therefore, the SpRY toolbox breaches a PAM
restriction barrier in the case of plant genome engineering by facilitating DNA editing in a
PAM-less approach. With the advent of novel gene-editing tools based on SpRY, researchers
could effortlessly perform high-resolution genome engineering, and can use SpCas9 for
targeting sites carrying NGG PAMs, SpCas9-NG for NGH PAMs (where H is A, C, or T),
ScCas9 for NHG PAMs, and SpRY for NAH PAMs. These improved base editors can boost
the base-editing efficiency and increase its reach in targeting diverse sites in crop plants.

BEs have been widely exploited to install precise base changes, and the generation
of undesired base changes (C→ A or C→ G), bystander and off-target edits, and indels
notably impedes their use in therapeutics. However, such undesired edits are less challeng-
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ing for crop improvement since desired edits and indels may be created on separate alleles,
which could be fixed through segregation and assortment [164].

9. Prime Editing Systems for Precision Editing of Plant Genomes

Base editing in plants has overtaken HDR-mediated substitutions regarding engineer-
ing its efficiency and product purity. However, many mutations, such as base insertions
and transversions, cannot be processed by existing base editors, which significantly limits
the use of base-editing systems. Consequently, novel systems that confer a wide range of
genome editing are greatly anticipated in plants. Recently, most versatile and precise prime
editors (PEs) were produced to create mutations beyond DSBs or donor DNA [197]. A
prime-editing guide RNA (pegRNA) was designed to direct site-specific nicking by nCas9
in order to install customizable mutations into target genomic locus. PEs could efficiently
install all possible base conversions, deletions and insertions in a broader targeting range
with limited by-products in mammalian cells, therefore expanding the molecular toolbox
of genome editing [197].

In another study, a plant based prime editor 2 (pPE2) system has been designed to
induce targeted mutation on a HPT-ATG reporter in rice [198]. The results demonstrated
that the pPE2 system might induce programmable base transitions, base transversions,
inversions at different genomic sites, specifying adaptability of this system in other plant
species. They achieved 0–31.3 percent efficient editing frequency in T0 plants, indicating
that the efficiency of pPE2 differed significantly at different genomic sites using pegRNAs
of different structures. In order to improve editing efficiency of pPE2, gRNAs were incorpo-
rated into the pPE2 system ensuing the PE3 and PE3b approach in human cells. Conversely,
pPE3 prime editing platform induced only similar or even lesser editing frequencies at
the tested genomic sites. Besides, surrogate pPE2 system was developed by inserting the
HPT-ATG reporter to supplement the prime-edited cells. Using this surrogate pPE2 system,
DNA editing was effortlessly identified in the resistant calli transformed as a result of the
greater screening efficiency of edited cells. To a large extent, the authors reported that such
type of prime-editing systems might provide useful and flexible editing in rice genome.

Lin and coworkers used prime editors in cereal plants through optimizing promoter,
codon and editing conditions [199]. The set of plant prime editors allows for point muta-
tions, deletions and insertions in wheat and rice protoplasts. They selected six genes from
each rice and wheat plant and constructed 21 pegRNAs to study the two-plant prime editor
(PPE) systems i.e., PPE2 and PPE3 (or PPE3b). The PPE systems in rice induced 3-bp inser-
tions at a frequency of 2.0 percent at OsCDC48-T2, 6-bp deletions at 8.2 percent frequency at
OsCDC48-T1 and the six different single nucleotide substitutions including G-to-T, C-to-T,
G-to-A, A-to-G, C-to-A and T-to-A at 5.7% frequencies. Regenerated edited rice progeny
was achieved at frequencies of up to 21.8%. In the case of wheat, the frequencies of single
nucleotide substitutions, such as A-to-T, T-to-G, G-to-C, C-to-G and C-to-A, attained to
1.4%. In the plant protoplast systems, PPE3 and PPE3b had a similar editing efficiency,
signifying the nicking of sgRNA does not necessarily increase prime editing efficiencies,
in contrast with the observations recorded in mammalian cells [197], even though plant
prime editors are less efficient for inducing transition point mutations than base editors.
This investigation indicates that PPEs can produce transversions, insertions, substitutions,
and deletions. The flexibility of prime editing in plants thus has the unprecedented power
to improve both functional genomics and plant breeding research.

The major limiting factor of PE is its low editing efficiency. It has been reported that
the editing efficiency of PE ranges from 0.03–21.8% in plant cells, i.e., much lower than that
in human cells (20–50%) [198]. Secondly, prime editors possess a short editing window (i.e.,
size of RT template length), with 12–16 nt [197]. While 30–40 nt long editing windows have
also been reported [199]. However, the success of using prime editors with longer editing
window relies on the genomic sequence content of the target region, with a few target sites
providing long editing windows, while others did not [199].
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To outweigh the above mentioned major shortcomings of existing prime editors,
researchers should focus on a multifaceted knowledge of the design principle of prime
editing technology, streamline the parameters influencing the editing efficiency, and expand
the editing window. Even though there are some approaches to designing prime editors
for plant and animal systems [198,199], the design principle of prime editing has not been
investigated comprehensively. The current proposal depends on the experimental data
from the editing of a very narrow range of genomic loci (25 endogenous loci in plants and
12 endogenous loci in human cells), besides human cell lines, yeast cells, and the protoplast
of rice and wheat [198,199]. Currently existing prime editors reported so far in plants can
be employed to edit only one target site at a time. However, various traits are controlled
by multiple genes or QTLs in the case of plants [200–204]. Furthermore, activation of any
plant biosynthetic or metabolic pathway generally requires engineering multiple genes
simultaneously. Thus, currently existing prime editing technology couldn’t be applied to
edit multiple genes concurrently. Another technical limitation of prime editing is the size of
the prime editing construct (~20 kb), which is fairly large, making it inefficient to transform
into plants. The Cas9 orthologs smaller in size for example CasX [191] could decrease the
size of the prime editor and allow the PE delivery into the plant cells.

10. Conclusions

The application of genome editing technologies in plants facilitates a wide range of
opportunities for plant breeding. Genome editing leads to precise and targeted mutagenesis
and forms the basis for many next-generations breeding tools that will certainly transform
agriculture in the future. It becomes necessary to explore all the strategies in order to
exploit the unprecedented potential of plant genome engineering. Genome editing can
allow for a combination of different genetic traits for designing future crops. Moreover,
such precision engineering, when employed for rapid plant breeding, results in products
similar to that of conventional breeding. However, genome editing-based next-generation
breeding will entirely replace classical breeding approaches; only when integrated with
other technologies, such as genomic selection high-throughput sequencing and speed
breeding, can we ensure the widespread applications of genome editing in agriculture.
This multidisciplinary approach promises to advance plant breeding to increase the yield
potential of food safety and security.

Winning Nobel Prize, the discovery of genome editing technology in the CRISPR
systems has revolutionized the field of genetic engineering, especially plant genome editing,
by providing plant genome editing technology with ease, quality, and precision. In fact,
CRISPR/Cas9 is not just clippers for making DNA breaks anymore. This can change single
target nucleotides without the requirement of a foreign DNA or DNA breakage, hence
mimicking natural mutations, but with the trait of interest. The toolbox continues to be
streamlined with newly designed CRISPR/Cas systems, effector modules and Cas proteins.

While base-editing technology evolved rapidly by fine-tuning the architecture of BEs
to increase the efficiency, targetability, and purity of the edited product, there are many
challenges that need to be overcome to utilize this technology to its full potential. Many
BEs are available with nickase and dead-nuclease variants that facilitate more specific
genomic editing, but they are not always as efficient as the original BEs developed with
SpCas9 (D10A). Further evolution of Cas9 proteins and the discovery of new nucleases
with more PAM plasticity would broaden the scope of genome targeting, while maintaining
editing efficiency. For example, for editing T-rich genomic regions, a Cas12a-ABE could be
developed, but does not yet exist.

New ground-breaking prime editing technology is an exciting method for more
precision plant genome engineering that can put new genetic information directly into
a designated gene locus, thus extending the genome editing outlook and capabilities to
a greater extent. Prime editing is in its early stage of development. There are still some
technical limitations that need to be addressed, and therefore more research needs to be
conducted in order to optimize the system for plants. Here we have emphasized few key
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limitations of the technology and provided some implications on how we can improve it
further. Regardless of various technical limitations and challenges, it is clear that prime
editing will play a leading role in comparison to other genome-editing technologies for
basic plant biology research and crop improvement in the near future.

Interestingly, researchers have already succeeded in knock-in fragments of DNA
beyond donor DNA and the HDR pathway at the target site. This might be useful in the
editing of plant genomes, since the knock-in gene is challenging in plant cells. Multiplex
genome editing through CRISPR/Cas9 may be used to replicate the domestication process
in a shorter time during evolution, with the involvement of the fast and suitable production
of new plants with desirable and attractive traits. Simultaneous targeting of multiple sites
can encourage deletions between target sites with defined sizes [5].
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61. Gasparis, S.; Kała, M.; Przyborowski, M.; Łyżnik, L.A.; Orczyk, W.; Nadolska-Orczyk, A. A simple and efficient CRISPR/Cas9
platform for induction of single and multiple, heritable mutations in barley (Hordeum vulgare L.). Plant Methods 2018, 14, 1–14.
[CrossRef] [PubMed]

62. Li, J.-F.; Norville, J.E.; Aach, J.; McCormack, M.; Zhang, D.; Bush, J.; Church, G.M.; Sheen, J. Multiplex and homologous
recombination–mediated genome editing in Arabidopsis and Nicotiana benthamiana using guide RNA and Cas9. Nat. Biotechnol.
2013, 31, 688–691. [CrossRef] [PubMed]

63. Li, C.; Unver, T.; Zhang, B. A high-efficiency CRISPR/Cas9 system for targeted mutagenesis in Cotton (Gossypium hirsutum L.).
Sci. Rep. 2017, 7, 1–10. [CrossRef] [PubMed]

64. Sauer, N.J.; Mozoruk, J.; Miller, R.B.; Warburg, Z.J.; Walker, K.A.; Beetham, P.R.; Schöpke, C.R.; Gocal, G.F.W. Oligonucleotide-
directed mutagenesis for precision gene editing. Plant Biotechnol. J. 2016, 14, 496–502. [CrossRef]

65. Zhao, Y.; Zhang, C.; Liu, W.; Gao, W.; Liu, C.; Song, G.; Li, W.-X.; Mao, L.; Chen, B.; Xu, Y. An alternative strategy for targeted
gene replacement in plants using a dual-sgRNA/Cas9 design. Sci. Rep. 2016, 6, 1–11. [CrossRef]

66. Nishizawa-Yokoi, A.; Endo, M.; Ohtsuki, N.; Saika, H.; Toki, S. Precision genome editing in plants via gene targeting and piggy B
ac-mediated marker excision. Plant J. 2015, 81, 160–168. [CrossRef] [PubMed]

67. Čermák, T.; Curtin, S.J.; Gil-Humanes, J.; Čegan, R.; Kono, T.J.Y.; Konečná, E.; Belanto, J.J.; Starker, C.G.; Mathre, J.W.; Greenstein,
R.L. A multipurpose toolkit to enable advanced genome engineering in plants. Plant Cell 2017, 29, 1196–1217. [CrossRef]

68. Butt, H.; Eid, A.; Ali, Z.; Atia, M.A.M.; Mokhtar, M.M.; Hassan, N.; Lee, C.M.; Bao, G.; Mahfouz, M.M. Efficient CRISPR/Cas9-
mediated genome editing using a chimeric single-guide RNA molecule. Front. Plant Sci. 2017, 8, 1441. [CrossRef]

69. Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, J.A.; Liu, D.R. Programmable editing of a target base in genomic DNA without
double-stranded DNA cleavage. Nature 2016, 533, 420–424. [CrossRef] [PubMed]

70. Mushtaq, M.; Bhat, J.A.; Mir, Z.A.; Sakina, A.; Ali, S.; Singh, A.K.; Tyagi, A.; Salgotra, R.K.; Dar, A.A.; Bhat, R. CRISPR/Cas
approach: A new way of looking at plant-abiotic interactions. J. Plant Physiol. 2018, 224, 156–162. [CrossRef]

http://doi.org/10.1111/pbi.12634
http://doi.org/10.1016/j.plaphy.2018.03.012
http://doi.org/10.1104/pp.114.239392
http://www.ncbi.nlm.nih.gov/pubmed/24868032
http://doi.org/10.1371/journal.pone.0032255
http://www.ncbi.nlm.nih.gov/pubmed/22389691
http://doi.org/10.3389/fpls.2015.00885
http://www.ncbi.nlm.nih.gov/pubmed/26557130
http://doi.org/10.1038/s41467-019-11105-z
http://doi.org/10.1093/jxb/eri025
http://www.ncbi.nlm.nih.gov/pubmed/15557293
http://doi.org/10.1038/s41467-018-04416-0
http://doi.org/10.1111/tpj.13893
http://doi.org/10.1038/s41598-017-11760-6
http://doi.org/10.1016/j.molp.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28315752
http://doi.org/10.1111/jipb.12650
http://www.ncbi.nlm.nih.gov/pubmed/29575650
http://doi.org/10.1038/ncomms13274
http://www.ncbi.nlm.nih.gov/pubmed/27848933
http://doi.org/10.1104/pp.15.00783
http://doi.org/10.1111/tpj.13446
http://doi.org/10.1007/s12230-016-9513-9
http://doi.org/10.1186/s13007-018-0382-8
http://www.ncbi.nlm.nih.gov/pubmed/30568723
http://doi.org/10.1038/nbt.2654
http://www.ncbi.nlm.nih.gov/pubmed/23929339
http://doi.org/10.1038/srep43902
http://www.ncbi.nlm.nih.gov/pubmed/28256588
http://doi.org/10.1111/pbi.12496
http://doi.org/10.1038/srep23890
http://doi.org/10.1111/tpj.12693
http://www.ncbi.nlm.nih.gov/pubmed/25284193
http://doi.org/10.1105/tpc.16.00922
http://doi.org/10.3389/fpls.2017.01441
http://doi.org/10.1038/nature17946
http://www.ncbi.nlm.nih.gov/pubmed/27096365
http://doi.org/10.1016/j.jplph.2018.04.001


Genes 2021, 12, 797 27 of 31

71. Lo, A.; Qi, L. Genetic and epigenetic control of gene expression by CRISPR–Cas systems. F1000Research 2017, 6. [CrossRef]
72. Lowder, L.G.; Zhang, D.; Baltes, N.J.; Paul, J.W.; Tang, X.; Zheng, X.; Voytas, D.F.; Hsieh, T.-F.; Zhang, Y.; Qi, Y. A CRISPR/Cas9

toolbox for multiplexed plant genome editing and transcriptional regulation. Plant Physiol. 2015, 169, 971–985. [CrossRef]
[PubMed]

73. Chen, B.; Gilbert, L.A.; Cimini, B.A.; Schnitzbauer, J.; Zhang, W.; Li, G.-W.; Park, J.; Blackburn, E.H.; Weissman, J.S.; Qi, L.S.
Dynamic imaging of genomic loci in living human cells by an optimized CRISPR/Cas system. Cell 2013, 155, 1479–1491.
[CrossRef]

74. Dreissig, S.; Schiml, S.; Schindele, P.; Weiss, O.; Rutten, T.; Schubert, V.; Gladilin, E.; Mette, M.F.; Puchta, H.; Houben, A. Live-cell
CRISPR imaging in plants reveals dynamic telomere movements. Plant J. 2017, 91, 565–573. [CrossRef]

75. Duan, J.; Lu, G.; Hong, Y.; Hu, Q.; Mai, X.; Guo, J.; Si, X.; Wang, F.; Zhang, Y. Live imaging and tracking of genome regions in
CRISPR/dCas9 knock-in mice. Genome Biol. 2018, 19, 1–7. [CrossRef] [PubMed]

76. Dominguez, A.A.; Lim, W.A.; Qi, L.S. Beyond editing: Repurposing CRISPR–Cas9 for precision genome regulation and
interrogation. Nat. Rev. Mol. Cell Biol. 2016, 17, 5. [CrossRef] [PubMed]

77. Arora, L.; Narula, A. Gene editing and crop improvement using CRISPR-Cas9 system. Front. Plant Sci. 2017, 8, 1932. [CrossRef]
78. Malzahn, A.; Lowder, L.; Qi, Y. Plant genome editing with TALEN and CRISPR. Cell Biosci. 2017, 7, 1–18. [CrossRef]
79. Rodríguez-Leal, D.; Lemmon, Z.H.; Man, J.; Bartlett, M.E.; Lippman, Z.B. Engineering quantitative trait variation for crop

improvement by genome editing. Cell 2017, 171, 470–480. [CrossRef]
80. McGillivray, P.; Ault, R.; Pawashe, M.; Kitchen, R.; Balasubramanian, S.; Gerstein, M. A comprehensive catalog of predicted

functional upstream open reading frames in humans. Nucleic Acids Res. 2018, 46, 3326–3338. [CrossRef]
81. Mao, Y.; Zhang, Z.; Feng, Z.; Wei, P.; Zhang, H.; Botella, J.R.; Zhu, J.K. Development of germ-line-specific CRISPR-Cas9 systems

to improve the production of heritable gene modifications in Arabidopsis. Plant Biotechnol. J. 2016, 14, 519–532. [CrossRef]
82. Sanford, J.C. Biolistic plant transformation. Physiol. Plant. 1990, 79, 206–209. [CrossRef]
83. Husaini, A.M.; Abdin, M.Z.; Parray, G.A.; Sanghera, G.S.; Murtaza, I.; Alam, T.; Srivastava, D.K.; Farooqi, H.; Khan, H.N. Vehicles

and ways for efficient nuclear transformation in plants. Gm Crop. 2010, 1, 276–287. [CrossRef]
84. Lacroix, B.; Citovsky, V. Pathways of DNA transfer to plants from Agrobacterium tumefaciens and related bacterial species. Annu.

Rev. Phytopathol. 2019, 57, 231–251. [CrossRef] [PubMed]
85. Kujur, S.; Senthil-Kumar, M.; Kumar, R. Plant viral vectors: Expanding the Possibilities of Precise Gene Editing in Plant Genomes.

Plant Cell Rep. 2021, 17, 1–4.
86. Yang, N.-S.; Christou, P. Particle Bombardment Technology for Gene Transfer; Oxford University Press: Oxford, UK, 1994.
87. Christou, P. Transformation technology. Trends Plant Sci. 1996, 1, 423–431. [CrossRef]
88. Porta, C.; Lomonossoff, G.P. Viruses as vectors for the expression of foreign sequences in plants. Biotechnol. Genet. Eng. Rev. 2002,

19, 245–292. [CrossRef]
89. Roy, I.; Mitra, S.; Maitra, A.; Mozumdar, S. Calcium phosphate nanoparticles as novel non-viral vectors for targeted gene delivery.

Int. J. Pharm. 2003, 250, 25–33. [CrossRef]
90. Manghwar, H.; Lindsey, K.; Zhang, X.; Jin, S. CRISPR/Cas system: Recent advances and future prospects for genome editing.

Trends Plant Sci. 2019, 24, 1102–1125. [CrossRef] [PubMed]
91. Mookkan, M.; Nelson-Vasilchik, K.; Hague, J.; Zhang, Z.J.; Kausch, A.P. Selectable marker independent transformation of

recalcitrant maize inbred B73 and sorghum P898012 mediated by morphogenic regulators BABY BOOM and WUSCHEL2. Plant
Cell Rep. 2017, 36, 1477–1491. [CrossRef]

92. Lozano-Durán, R. Geminiviruses for biotechnology: The art of parasite taming. New Phytol. 2016, 210, 58–64. [CrossRef]
93. Zaidi, S.S.-E.-A.; Mansoor, S. Viral vectors for plant genome engineering. Front. Plant Sci. 2017, 8, 539. [CrossRef]
94. Liu, Y.; Gao, Y.; Gao, Y.; Zhang, Q. Targeted deletion of floral development genes in Arabidopsis with CRISPR/Cas9 using the

RNA endoribonuclease Csy4 processing system. Hortic. Res. 2019, 6, 1–10. [CrossRef] [PubMed]
95. Martin-Ortigosa, S.; Wang, K. Proteolistics: A biolistic method for intracellular delivery of proteins. Transgenic Res. 2014, 23,

743–756. [CrossRef] [PubMed]
96. Bilang, R.; Klöti, A.; Schrott, M.; Potrykus, I. PEG-mediated direct gene transfer and electroporation. In Plant Molecular Biology

Manual; Springer: Berlin/Heidelberg, Germany, 1994; pp. 1–16.
97. Roest, S.; Gilissen, L.J.W. Plant regeneration from protoplasts: A literature review. Acta Bot. Neerl. 1989, 38, 1–23. [CrossRef]
98. Roest, S.; Gilissen, L.J.W. Regeneration from protoplasts—A supplementary literature review. Acta Bot. Neerl. 1993, 42, 1–23.

[CrossRef]
99. Yin, X.; Biswal, A.K.; Dionora, J.; Perdigon, K.M.; Balahadia, C.P.; Mazumdar, S.; Chater, C.; Lin, H.-C.; Coe, R.A.; Kretzschmar, T.

CRISPR-Cas9 and CRISPR-Cpf1 mediated targeting of a stomatal developmental gene EPFL9 in rice. Plant Cell Rep. 2017, 36,
745–757. [CrossRef]

100. Nakade, S.; Yamamoto, T.; Sakuma, T. Cas9, Cpf1 and C2c1/2/3—What’s next? Bioengineered 2017, 8, 265–273. [CrossRef]
101. Kaya, H.; Mikami, M.; Endo, A.; Endo, M.; Toki, S. Highly specific targeted mutagenesis in plants using Staphylococcus aureus

Cas9. Sci. Rep. 2016, 6, 1–9. [CrossRef] [PubMed]
102. Langner, T.; Kamoun, S.; Belhaj, K. CRISPR crops: Plant genome editing toward disease resistance. Annu. Rev. Phytopathol. 2018,

56, 479–512. [CrossRef]

http://doi.org/10.12688/f1000research.11113.1
http://doi.org/10.1104/pp.15.00636
http://www.ncbi.nlm.nih.gov/pubmed/26297141
http://doi.org/10.1016/j.cell.2013.12.001
http://doi.org/10.1111/tpj.13601
http://doi.org/10.1186/s13059-018-1530-1
http://www.ncbi.nlm.nih.gov/pubmed/30409154
http://doi.org/10.1038/nrm.2015.2
http://www.ncbi.nlm.nih.gov/pubmed/26670017
http://doi.org/10.3389/fpls.2017.01932
http://doi.org/10.1186/s13578-017-0148-4
http://doi.org/10.1016/j.cell.2017.08.030
http://doi.org/10.1093/nar/gky188
http://doi.org/10.1111/pbi.12468
http://doi.org/10.1111/j.1399-3054.1990.tb05888.x
http://doi.org/10.4161/gmcr.1.5.14660
http://doi.org/10.1146/annurev-phyto-082718-100101
http://www.ncbi.nlm.nih.gov/pubmed/31226020
http://doi.org/10.1016/S1360-1385(96)10047-9
http://doi.org/10.1080/02648725.2002.10648031
http://doi.org/10.1016/S0378-5173(02)00452-0
http://doi.org/10.1016/j.tplants.2019.09.006
http://www.ncbi.nlm.nih.gov/pubmed/31727474
http://doi.org/10.1007/s00299-017-2169-1
http://doi.org/10.1111/nph.13564
http://doi.org/10.3389/fpls.2017.00539
http://doi.org/10.1038/s41438-019-0179-6
http://www.ncbi.nlm.nih.gov/pubmed/31666960
http://doi.org/10.1007/s11248-014-9807-y
http://www.ncbi.nlm.nih.gov/pubmed/25092532
http://doi.org/10.1111/j.1438-8677.1989.tb01907.x
http://doi.org/10.1111/j.1438-8677.1993.tb00674.x
http://doi.org/10.1007/s00299-017-2118-z
http://doi.org/10.1080/21655979.2017.1282018
http://doi.org/10.1038/srep26871
http://www.ncbi.nlm.nih.gov/pubmed/27226350
http://doi.org/10.1146/annurev-phyto-080417-050158


Genes 2021, 12, 797 28 of 31

103. Maresca, M.; Lin, V.G.; Guo, N.; Yang, Y. Obligate ligation-gated recombination (ObLiGaRe): Custom-designed nuclease-mediated
targeted integration through nonhomologous end joining. Genome Res. 2013, 23, 539–546. [CrossRef]

104. Tang, X.; Lowder, L.G.; Zhang, T.; Malzahn, A.A.; Zheng, X.; Voytas, D.F.; Zhong, Z.; Chen, Y.; Ren, Q.; Li, Q. A CRISPR–Cpf1
system for efficient genome editing and transcriptional repression in plants. Nat. Plants 2017, 3, 1–5.

105. Lowder, L.; Malzahn, A.; Qi, Y. Rapid evolution of manifold CRISPR systems for plant genome editing. Front. Plant Sci. 2016,
7, 1683. [CrossRef]

106. Zhang, D.; Zhang, H.; Li, T.; Chen, K.; Qiu, J.-L.; Gao, C. Perfectly matched 20-nucleotide guide RNA sequences enable robust
genome editing using high-fidelity SpCas9 nucleases. Genome Biol. 2017, 18, 1–7. [CrossRef] [PubMed]

107. Aman, R.; Ali, Z.; Butt, H.; Mahas, A.; Aljedaani, F.; Khan, M.Z.; Ding, S.; Mahfouz, M. RNA virus interference via CRISPR/Cas13a
system in plants. Genome Biol. 2018, 19, 1–9. [CrossRef] [PubMed]

108. Krenek, P.; Samajova, O.; Luptovciak, I.; Doskocilova, A.; Komis, G.; Samaj, J. Transient plant transformation mediated by
Agrobacterium tumefaciens: Principles, methods and applications. Biotechnol. Adv. 2015, 33, 1024–1042. [CrossRef] [PubMed]

109. Hwang, H.-H.; Yu, M.; Lai, E.-M. Agrobacterium-mediated plant transformation: Biology and applications. Arab. Book 2017,
15, e0186. [CrossRef] [PubMed]

110. Nekrasov, V.; Staskawicz, B.; Weigel, D.; Jones, J.D.G.; Kamoun, S. Targeted mutagenesis in the model plant Nicotiana benthamiana
using Cas9 RNA-guided endonuclease. Nat. Biotechnol. 2013, 31, 691–693. [CrossRef]

111. Chen, L.; Li, W.; Katin-Grazzini, L.; Ding, J.; Gu, X.; Li, Y.; Gu, T.; Wang, R.; Lin, X.; Deng, Z. A method for the production and
expedient screening of CRISPR/Cas9-mediated non-transgenic mutant plants. Hortic. Res. 2018, 5, 1–12. [CrossRef]

112. Zhang, Y.; Liang, Z.; Zong, Y.; Wang, Y.; Liu, J.; Chen, K.; Qiu, J.-L.; Gao, C. Efficient and transgene-free genome editing in wheat
through transient expression of CRISPR/Cas9 DNA or RNA. Nat. Commun. 2016, 7, 1–8. [CrossRef]

113. Kim, S.; Kim, D.; Cho, S.W.; Kim, J.; Kim, J.-S. Highly efficient RNA-guided genome editing in human cells via delivery of purified
Cas9 ribonucleoproteins. Genome Res. 2014, 24, 1012–1019. [CrossRef]

114. Yubing, H.E.; Min, Z.H.U.; Lihao, W.; Junhua, W.U.; Qiaoyan, W.; Rongchen, W.; Yunde, Z. Improvements of TKC technology
accelerate isolation of transgene-free CRISPR/Cas9-edited rice plants. Rice Sci. 2019, 26, 109–117. [CrossRef]

115. Metje-Sprink, J.; Menz, J.; Modrzejewski, D.; Sprink, T. DNA-free genome editing: Past, present and future. Front. Plant Sci. 2019,
9, 1957. [CrossRef] [PubMed]

116. Liang, Z.; Chen, K.; Li, T.; Zhang, Y.; Wang, Y.; Zhao, Q.; Liu, J.; Zhang, H.; Liu, C.; Ran, Y. Efficient DNA-free genome editing of
bread wheat using CRISPR/Cas9 ribonucleoprotein complexes. Nat. Commun. 2017, 8, 1–5. [CrossRef]

117. Woo, J.W.; Kim, J.; Kwon, S.I.; Corvalán, C.; Cho, S.W.; Kim, H.; Kim, S.-G.; Kim, S.-T.; Choe, S.; Kim, J.-S. DNA-free genome
editing in plants with preassembled CRISPR-Cas9 ribonucleoproteins. Nat. Biotechnol. 2015, 33, 1162–1164. [CrossRef] [PubMed]

118. Lowe, K.; Wu, E.; Wang, N.; Hoerster, G.; Hastings, C.; Cho, M.-J.; Scelonge, C.; Lenderts, B.; Chamberlin, M.; Cushatt, J.
Morphogenic regulators Baby boom and Wuschel improve monocot transformation. Plant Cell 2016, 28, 1998–2015. [CrossRef]

119. Toda, E.; Koiso, N.; Takebayashi, A.; Ichikawa, M.; Kiba, T.; Osakabe, K.; Osakabe, Y.; Sakakibara, H.; Kato, N.; Okamoto, T. An
efficient DNA-and selectable-marker-free genome-editing system using zygotes in rice. Nat. Plants 2019, 5, 363–368. [CrossRef]
[PubMed]

120. Stoddard, T.J.; Clasen, B.M.; Baltes, N.J.; Demorest, Z.L.; Voytas, D.F.; Zhang, F.; Luo, S. Targeted mutagenesis in plant cells
through transformation of sequence-specific nuclease mRNA. PLoS ONE 2016, 11, e0154634. [CrossRef]

121. Baek, K.; Kim, D.H.; Jeong, J.; Sim, S.J.; Melis, A.; Kim, J.-S.; Jin, E.; Bae, S. DNA-free two-gene knockout in Chlamydomonas
reinhardtii via CRISPR-Cas9 ribonucleoproteins. Sci. Rep. 2016, 6, 1–7. [CrossRef]

122. Gan, S.Y.; Maggs, C.A. Random mutagenesis and precise gene editing technologies: Applications in algal crop improvement and
functional genomics. Eur. J. Phycol. 2017, 52, 466–481. [CrossRef]

123. Malnoy, M.; Viola, R.; Jung, M.-H.; Koo, O.-J.; Kim, S.; Kim, J.-S.; Velasco, R.; Nagamangala Kanchiswamy, C. DNA-free genetically
edited grapevine and apple protoplast using CRISPR/Cas9 ribonucleoproteins. Front. Plant Sci. 2016, 7, 1904. [CrossRef]

124. Subburaj, S.; Chung, S.J.; Lee, C.; Ryu, S.-M.; Kim, D.H.; Kim, J.-S.; Bae, S.; Lee, G.-J. Site-directed mutagenesis in Petunia×
hybrida protoplast system using direct delivery of purified recombinant Cas9 ribonucleoproteins. Plant Cell Rep. 2016, 35,
1535–1544. [CrossRef]

125. Ferenczi, A.; Pyott, D.E.; Xipnitou, A.; Molnar, A. Efficient targeted DNA editing and replacement in Chlamydomonas reinhardtii
using Cpf1 ribonucleoproteins and single-stranded DNA. Proc. Natl. Acad. Sci. USA 2017, 114, 13567–13572. [CrossRef]

126. Montecillo, J.A.V.; Chu, L.L.; Bae, H. CRISPR-Cas9 system for plant genome editing: Current approaches and emerging
developments. Agronomy 2020, 10, 1033. [CrossRef]

127. Kim, H.; Kim, S.-T.; Ryu, J.; Kang, B.-C.; Kim, J.-S.; Kim, S.-G. CRISPR/Cpf1-mediated DNA-free plant genome editing. Nat.
Commun. 2017, 8, 1–7. [CrossRef] [PubMed]

128. Liang, Z.; Chen, K.; Zhang, Y.; Liu, J.; Yin, K.; Qiu, J.-L.; Gao, C. Genome editing of bread wheat using biolistic delivery of
CRISPR/Cas9 in vitro transcripts or ribonucleoproteins. Nat. Protoc. 2018, 13, 413. [CrossRef]

129. Afzal, S.; Sirohi, P.; Singh, N.K. A review of CRISPR associated genome engineering: Application, advances and future prospects
of genome targeting tool for crop improvement. Biotechnol. Lett. 2020, 42, 1611–1632. [CrossRef] [PubMed]

130. Liang, Z.; Zhang, K.; Chen, K.; Gao, C. Targeted mutagenesis in Zea mays using TALENs and the CRISPR/Cas system. J. Genet.
Genom. 2014, 41, 63–68. [CrossRef]

http://doi.org/10.1101/gr.145441.112
http://doi.org/10.3389/fpls.2016.01683
http://doi.org/10.1186/s13059-017-1325-9
http://www.ncbi.nlm.nih.gov/pubmed/29020979
http://doi.org/10.1186/s13059-017-1381-1
http://www.ncbi.nlm.nih.gov/pubmed/29301551
http://doi.org/10.1016/j.biotechadv.2015.03.012
http://www.ncbi.nlm.nih.gov/pubmed/25819757
http://doi.org/10.1199/tab.0186
http://www.ncbi.nlm.nih.gov/pubmed/31068763
http://doi.org/10.1038/nbt.2655
http://doi.org/10.1038/s41438-018-0023-4
http://doi.org/10.1038/ncomms12617
http://doi.org/10.1101/gr.171322.113
http://doi.org/10.1016/j.rsci.2018.11.001
http://doi.org/10.3389/fpls.2018.01957
http://www.ncbi.nlm.nih.gov/pubmed/30693009
http://doi.org/10.1038/ncomms14261
http://doi.org/10.1038/nbt.3389
http://www.ncbi.nlm.nih.gov/pubmed/26479191
http://doi.org/10.1105/tpc.16.00124
http://doi.org/10.1038/s41477-019-0386-z
http://www.ncbi.nlm.nih.gov/pubmed/30911123
http://doi.org/10.1371/journal.pone.0154634
http://doi.org/10.1038/srep30620
http://doi.org/10.1080/09670262.2017.1358827
http://doi.org/10.3389/fpls.2016.01904
http://doi.org/10.1007/s00299-016-1937-7
http://doi.org/10.1073/pnas.1710597114
http://doi.org/10.3390/agronomy10071033
http://doi.org/10.1038/ncomms14406
http://www.ncbi.nlm.nih.gov/pubmed/28205546
http://doi.org/10.1038/nprot.2017.145
http://doi.org/10.1007/s10529-020-02950-w
http://www.ncbi.nlm.nih.gov/pubmed/32642978
http://doi.org/10.1016/j.jgg.2013.12.001


Genes 2021, 12, 797 29 of 31

131. Lu, Y.; Ye, X.; Guo, R.; Huang, J.; Wang, W.; Tang, J.; Tan, L.; Zhu, J.-k.; Chu, C.; Qian, Y. Genome-wide targeted mutagenesis in
rice using the CRISPR/Cas9 system. Mol. Plant 2017, 10, 1242–1245. [CrossRef]

132. Wang, P.; Lombi, E.; Zhao, F.-J.; Kopittke, P.M. Nanotechnology: A new opportunity in plant sciences. Trends Plant Sci. 2016, 21,
699–712. [CrossRef] [PubMed]

133. Doyle, C.; Higginbottom, K.; Swift, T.A.; Winfield, M.; Bellas, C.; Benito-Alifonso, D.; Fletcher, T.; Galan, M.C.; Edwards,
K.; Whitney, H.M. A simple method for spray-on gene editing in planta. bioRxiv 2019, 805036. Available online: https:
//www.biorxiv.org/content/10.1101/805036v2.abstract (accessed on 20 March 2021).

134. Scherer, F.; Anton, M.; Schillinger, U.; Henke, J.; Bergemann, C.; Krüger, A.; Gänsbacher, B.; Plank, C. Magnetofection: Enhancing
and targeting gene delivery by magnetic force in vitro and in vivo. Gene Ther. 2002, 9, 102–109. [CrossRef] [PubMed]

135. Dobson, J. Gene therapy progress and prospects: Magnetic nanoparticle-based gene delivery. Gene Ther. 2006, 13, 283–287.
[CrossRef]

136. Jat, S.K.; Bhattacharya, J.; Sharma, M.K. Nanomaterial based gene delivery: A promising method for plant genome engineering. J.
Mater. Chem. B 2020, 8, 4165–4175. [CrossRef]

137. Zhao, X.; Meng, Z.; Wang, Y.; Chen, W.; Sun, C.; Cui, B.; Cui, J.; Yu, M.; Zeng, Z.; Guo, S. Pollen magnetofection for genetic
modification with magnetic nanoparticles as gene carriers. Nat. Plants 2017, 3, 956–964. [CrossRef]

138. Vejlupkova, Z.; Warman, C.; Sharma, R.; Scheller, H.V.; Mortimer, J.C.; Fowler, J.E. No evidence for transient transformation via
pollen magnetofaction in several monocot species. Nat. Plants 2020, 6, 1323–1324. [CrossRef]

139. Chandrasekaran, R.; Rajiv, P.; Abd-Elsalam, K.A. Carbon nanotubes: Plant gene delivery and genome editing. In Carbon
Nanomaterials for Agri-Food and Environmental Applications; Elsevier: Amsterdam, The Netherlands, 2020; pp. 279–296.

140. Demirer, G.S.; Zhang, H.; Matos, J.L.; Goh, N.S.; Cunningham, F.J.; Sung, Y.; Chang, R.; Aditham, A.J.; Chio, L.; Cho, M.-J.
High aspect ratio nanomaterials enable delivery of functional genetic material without DNA integration in mature plants. Nat.
Nanotechnol. 2019, 14, 456–464. [CrossRef] [PubMed]

141. Kwak, S.-Y.; Lew, T.T.S.; Sweeney, C.J.; Koman, V.B.; Wong, M.H.; Bohmert-Tatarev, K.; Snell, K.D.; Seo, J.S.; Chua, N.-H.; Strano,
M.S. Chloroplast-selective gene delivery and expression in planta using chitosan-complexed single-walled carbon nanotube
carriers. Nat. Nanotechnol. 2019, 14, 447–455. [CrossRef] [PubMed]

142. Ghaghelestany, A.B.; Jahanbakhshi, A.; Taghinezhad, E. Gene transfer to German chamomile (L chamomilla M) using cationic
carbon nanotubes. Sci. Hortic. 2020, 263, 109106. [CrossRef]

143. Demirer, G.S.; Zhang, H.; Goh, N.S.; González-Grandío, E.; Landry, M.P. Carbon nanotube–mediated DNA delivery without
transgene integration in intact plants. Nat. Protoc. 2019, 14, 2954–2971. [CrossRef]

144. Sanzari, I.; Leone, A.; Ambrosone, A. Nanotechnology in plant science: To make a long story short. Front. Bioeng. Biotechnol. 2019,
7, 120. [CrossRef]

145. Gao, X.; Chen, J.; Dai, X.; Zhang, D.; Zhao, Y. An effective strategy for reliably isolating heritable and Cas9-free Arabidopsis
mutants generated by CRISPR/Cas9-mediated genome editing. Plant Physiol. 2016, 171, 1794–1800. [CrossRef] [PubMed]

146. Tang, X.; Liu, G.; Zhou, J.; Ren, Q.; You, Q.; Tian, L.; Xin, X.; Zhong, Z.; Liu, B.; Zheng, X. A large-scale whole-genome sequencing
analysis reveals highly specific genome editing by both Cas9 and Cpf1 (Cas12a) nucleases in rice. Genome Biol. 2018, 19, 1–13.
[CrossRef] [PubMed]

147. Guo, J.; Li, K.; Jin, L.; Xu, R.; Miao, K.; Yang, F.; Qi, C.; Zhang, L.; Botella, J.R.; Wang, R. A simple and cost-effective method for
screening of CRISPR/Cas9-induced homozygous/biallelic mutants. Plant Methods 2018, 14, 1–10. [CrossRef]

148. Zheng, X.; Yang, S.; Zhang, D.; Zhong, Z.; Tang, X.; Deng, K.; Zhou, J.; Qi, Y.; Zhang, Y. Effective screen of CRISPR/Cas9-induced
mutants in rice by single-strand conformation polymorphism. Plant Cell Rep. 2016, 35, 1545–1554. [CrossRef] [PubMed]

149. Grohmann, L.; Keilwagen, J.; Duensing, N.; Dagand, E.; Hartung, F.; Wilhelm, R.; Bendiek, J.; Sprink, T. Detection and
identification of genome editing in plants: Challenges and opportunities. Front. Plant Sci. 2019, 10, 236. [CrossRef]

150. Zischewski, J.; Fischer, R.; Bortesi, L. Detection of on-target and off-target mutations generated by CRISPR/Cas9 and other
sequence-specific nucleases. Biotechnol. Adv. 2017, 35, 95–104. [CrossRef]

151. Yu, H.; Zhao, Y. Fluorescence marker-assisted isolation of Cas9-free and CRISPR-edited Arabidopsis plants. In Plant Genome
Editing with CRISPR Systems; Springer: Berlin/Heidelberg, Germany, 2019; pp. 147–154.

152. Chang, Z.; Chen, Z.; Wang, N.; Xie, G.; Lu, J.; Yan, W.; Zhou, J.; Tang, X.; Deng, X.W. Construction of a male sterility system for
hybrid rice breeding and seed production using a nuclear male sterility gene. Proc. Natl. Acad. Sci. USA 2016, 113, 14145–14150.
[CrossRef]

153. He, Y.; Zhao, Y. Technological breakthroughs in generating transgene-free and genetically stable CRISPR-edited plants. aBIOTECH
2020, 1, 88–96. [CrossRef]

154. Tang, T.; Yu, X.; Yang, H.; Gao, Q.; Ji, H.; Wang, Y.; Yan, G.; Peng, Y.; Luo, H.; Liu, K. Development and validation of an effective
CRISPR/Cas9 vector for efficiently isolating positive transformants and transgene-free mutants in a wide range of plant species.
Front. Plant Sci. 2018, 9, 1533. [CrossRef]

155. He, Y.; Zhu, M.; Wang, L.; Wu, J.; Wang, Q.; Wang, R.; Zhao, Y. Programmed self-elimination of the CRISPR/Cas9 construct
greatly accelerates the isolation of edited and transgene-free rice plants. Mol. Plant 2018, 11, 1210–1213. [CrossRef]

156. Yu, C.; Wang, L.; Xu, S.; Zeng, Y.; He, C.; Chen, C.; Huang, W.; Zhu, Y.; Hu, J. Mitochondrial ORFH79 is essential for drought and
salt tolerance in rice. Plant Cell Physiol. 2015, 56, 2248–2258. [CrossRef] [PubMed]

http://doi.org/10.1016/j.molp.2017.06.007
http://doi.org/10.1016/j.tplants.2016.04.005
http://www.ncbi.nlm.nih.gov/pubmed/27130471
https://www.biorxiv.org/content/10.1101/805036v2.abstract
https://www.biorxiv.org/content/10.1101/805036v2.abstract
http://doi.org/10.1038/sj.gt.3301624
http://www.ncbi.nlm.nih.gov/pubmed/11857068
http://doi.org/10.1038/sj.gt.3302720
http://doi.org/10.1039/D0TB00217H
http://doi.org/10.1038/s41477-017-0063-z
http://doi.org/10.1038/s41477-020-00798-6
http://doi.org/10.1038/s41565-019-0382-5
http://www.ncbi.nlm.nih.gov/pubmed/30804481
http://doi.org/10.1038/s41565-019-0375-4
http://www.ncbi.nlm.nih.gov/pubmed/30804482
http://doi.org/10.1016/j.scienta.2019.109106
http://doi.org/10.1038/s41596-019-0208-9
http://doi.org/10.3389/fbioe.2019.00120
http://doi.org/10.1104/pp.16.00663
http://www.ncbi.nlm.nih.gov/pubmed/27208253
http://doi.org/10.1186/s13059-018-1458-5
http://www.ncbi.nlm.nih.gov/pubmed/29973285
http://doi.org/10.1186/s13007-018-0305-8
http://doi.org/10.1007/s00299-016-1967-1
http://www.ncbi.nlm.nih.gov/pubmed/27007717
http://doi.org/10.3389/fpls.2019.00236
http://doi.org/10.1016/j.biotechadv.2016.12.003
http://doi.org/10.1073/pnas.1613792113
http://doi.org/10.1007/s42994-019-00013-x
http://doi.org/10.3389/fpls.2018.01533
http://doi.org/10.1016/j.molp.2018.05.005
http://doi.org/10.1093/pcp/pcv137
http://www.ncbi.nlm.nih.gov/pubmed/26454879


Genes 2021, 12, 797 30 of 31

157. McElroy, D.; Zhang, W.; Cao, J.; Wu, R. Isolation of an efficient actin promoter for use in rice transformation. Plant Cell 1990, 2,
163–171.

158. Gao, Y.; Zhao, Y. Self-processing of ribozyme-flanked RNAs into guide RNAs in vitro and in vivo for CRISPR-mediated genome
editing. J. Integr. Plant Biol. 2014, 56, 343–349. [CrossRef]

159. Yoshioka, S.; Fujii, W.; Ogawa, T.; Sugiura, K.; Naito, K. Development of a mono-promoter-driven CRISPR/Cas9 system in
mammalian cells. Sci. Rep. 2015, 5, 1–8. [CrossRef]

160. Tang, X.; Zheng, X.; Qi, Y.; Zhang, D.; Cheng, Y.; Tang, A.; Voytas, D.F.; Zhang, Y. A single transcript CRISPR-Cas9 system for
efficient genome editing in plants. Mol. Plant 2016, 9, 1088–1091. [CrossRef] [PubMed]

161. Xie, K.; Minkenberg, B.; Yang, Y. Boosting CRISPR/Cas9 multiplex editing capability with the endogenous tRNA-processing
system. Proc. Natl. Acad. Sci. USA 2015, 112, 3570–3575. [CrossRef] [PubMed]

162. Shi, J.; Gao, H.; Wang, H.; Lafitte, H.R.; Archibald, R.L.; Yang, M.; Hakimi, S.M.; Mo, H.; Habben, J.E. ARGOS 8 variants generated
by CRISPR-Cas9 improve maize grain yield under field drought stress conditions. Plant Biotechnol. J. 2017, 15, 207–216. [CrossRef]

163. Ali, Z.; Abul-Faraj, A.; Piatek, M.; Mahfouz, M.M. Activity and specificity of TRV-mediated gene editing in plants. Plant Signal.
Behav. 2015, 10, e1044191. [CrossRef]

164. Molla, K.A.; Yang, Y. CRISPR/Cas-mediated base editing: Technical considerations and practical applications. Trends Biotechnol.
2019, 37, 1121–1142. [CrossRef] [PubMed]

165. Chen, Y.; Wang, Z.; Ni, H.; Xu, Y.; Chen, Q.; Jiang, L. CRISPR/Cas9-mediated base-editing system efficiently generates gain-of-
function mutations in Arabidopsis. Sci. China Life Sci. 2017, 60, 520–523. [CrossRef]

166. Lu, H.P.; Liu, S.M.; Xu, S.L.; Chen, W.Y.; Zhou, X.; Tan, Y.Y.; Huang, J.Z.; Shu, Q.Y. CRISPR-S: An active interference element
for a rapid and inexpensive selection of genome-edited, transgene-free rice plants. Plant Biotechnol. J. 2017, 15, 1371. [CrossRef]
[PubMed]

167. Zong, Y.; Wang, Y.; Li, C.; Zhang, R.; Chen, K.; Ran, Y.; Qiu, J.-L.; Wang, D.; Gao, C. Precise base editing in rice, wheat and maize
with a Cas9-cytidine deaminase fusion. Nat. Biotechnol. 2017, 35, 438–440. [CrossRef]

168. Shimatani, Z.; Fujikura, U.; Ishii, H.; Matsui, Y.; Suzuki, M.; Ueke, Y.; Taoka, K.-i.; Terada, R.; Nishida, K.; Kondo, A. Inheritance
of co-edited genes by CRISPR-based targeted nucleotide substitutions in rice. Plant Physiol. Biochem. 2018, 131, 78–83. [CrossRef]

169. Ren, B.; Yan, F.; Kuang, Y.; Li, N.; Zhang, D.; Zhou, X.; Lin, H.; Zhou, H. Improved base editor for efficiently inducing genetic
variations in rice with CRISPR/Cas9-guided hyperactive hAID mutant. Mol. Plant 2018, 11, 623–626. [CrossRef]

170. Li, J.; Zhang, H.; Si, X.; Tian, Y.; Chen, K.; Liu, J.; Chen, H.; Gao, C. Generation of thermosensitive male-sterile maize by targeted
knockout of the ZmTMS5 gene. J. Genet. Genom. Yi Chuan Xue Bao 2017, 44, 465–468. [CrossRef] [PubMed]

171. Yan, W.; Chen, D.; Kaufmann, K. Efficient multiplex mutagenesis by RNA-guided Cas9 and its use in the characterization of
regulatory elements in the AGAMOUS gene. Plant Methods 2016, 12, 1–9. [CrossRef]

172. Kang, B.-C.; Yun, J.-Y.; Kim, S.-T.; Shin, Y.; Ryu, J.; Choi, M.; Woo, J.W.; Kim, J.-S. Precision genome engineering through adenine
base editing in plants. Nat. Plants 2018, 4, 427–431. [CrossRef]

173. Hua, K.; Tao, X.; Yuan, F.; Wang, D.; Zhu, J.-K. Precise A· T to G·C base editing in the rice genome. Mol. Plant 2018, 11, 627–630.
[CrossRef]

174. Zhang, D.; Zhang, Z.; Unver, T.; Zhang, B. CRISPR/Cas: A powerful tool for gene function study and crop improvement. J. Adv.
Res. 2020, 29, 207–221. [CrossRef]

175. Zong, Y.; Song, Q.; Li, C.; Jin, S.; Zhang, D.; Wang, Y.; Qiu, J.-L.; Gao, C. Efficient C-to-T base editing in plants using a fusion of
nCas9 and human APOBEC3A. Nat. Biotechnol. 2018, 36, 950–953. [CrossRef] [PubMed]

176. Li, J.; Sun, Y.; Du, J.; Zhao, Y.; Xia, L. Generation of targeted point mutations in rice by a modified CRISPR/Cas9 system. Mol.
Plant 2017, 10, 526–529. [CrossRef]

177. Li, C.; Zong, Y.; Wang, Y.; Jin, S.; Zhang, D.; Song, Q.; Zhang, R.; Gao, C. Expanded base editing in rice and wheat using a
Cas9-adenosine deaminase fusion. Genome Biol. 2018, 19, 1–9. [CrossRef]

178. Gaudelli, N.M.; Komor, A.C.; Rees, H.A.; Packer, M.S.; Badran, A.H.; Bryson, D.I.; Liu, D.R. Programmable base editing of A T to
G C in genomic DNA without DNA cleavage. Nature 2017, 551, 464–471. [CrossRef] [PubMed]

179. Liu, Z.; Chen, M.; Chen, S.; Deng, J.; Song, Y.; Lai, L.; Li, Z. Highly efficient RNA-guided base editing in rabbit. Nat. Commun.
2018, 9, 1–10. [CrossRef]

180. Ryu, S.-M.; Koo, T.; Kim, K.; Lim, K.; Baek, G.; Kim, S.-T.; Kim, H.S.; Kim, D.-e.; Lee, H.; Chung, E. Adenine base editing in mouse
embryos and an adult mouse model of Duchenne muscular dystrophy. Nat. Biotechnol. 2018, 36, 536–539. [CrossRef]

181. Cheng, H.; Hao, M.; Ding, B.; Mei, D.; Wang, W.; Wang, H.; Zhou, R.; Liu, J.; Li, C.; Hu, Q. Base editing with high efficiency in
allotetraploid oilseed rape by A3A-PBE system. Plant Biotechnol. J. 2021, 19, 87. [CrossRef]

182. Cox, D.B.T.; Gootenberg, J.S.; Abudayyeh, O.O.; Franklin, B.; Kellner, M.J.; Joung, J.; Zhang, F. RNA editing with CRISPR-Cas13.
Science 2017, 358, 1019–1027. [CrossRef] [PubMed]

183. Rees, H.A.; Wilson, C.; Doman, J.L.; Liu, D.R. Analysis and minimization of cellular RNA editing by DNA adenine base editors.
Sci. Adv. 2019, 5, eaax5717. [CrossRef] [PubMed]

184. Abudayyeh, O.O.; Gootenberg, J.S.; Konermann, S.; Joung, J.; Slaymaker, I.M.; Cox, D.B.T.; Shmakov, S.; Makarova, K.S.;
Semenova, E.; Minakhin, L. C2c2 is a single-component programmable RNA-guided RNA-targeting CRISPR effector. Science
2016, 353, aaf5573. [CrossRef] [PubMed]

http://doi.org/10.1111/jipb.12152
http://doi.org/10.1038/srep18341
http://doi.org/10.1016/j.molp.2016.05.001
http://www.ncbi.nlm.nih.gov/pubmed/27212389
http://doi.org/10.1073/pnas.1420294112
http://www.ncbi.nlm.nih.gov/pubmed/25733849
http://doi.org/10.1111/pbi.12603
http://doi.org/10.1080/15592324.2015.1044191
http://doi.org/10.1016/j.tibtech.2019.03.008
http://www.ncbi.nlm.nih.gov/pubmed/30995964
http://doi.org/10.1007/s11427-017-9021-5
http://doi.org/10.1111/pbi.12788
http://www.ncbi.nlm.nih.gov/pubmed/28688132
http://doi.org/10.1038/nbt.3811
http://doi.org/10.1016/j.plaphy.2018.04.028
http://doi.org/10.1016/j.molp.2018.01.005
http://doi.org/10.1016/j.jgg.2017.02.002
http://www.ncbi.nlm.nih.gov/pubmed/28412227
http://doi.org/10.1186/s13007-016-0125-7
http://doi.org/10.1038/s41477-018-0178-x
http://doi.org/10.1016/j.molp.2018.02.007
http://doi.org/10.1016/j.jare.2020.10.003
http://doi.org/10.1038/nbt.4261
http://www.ncbi.nlm.nih.gov/pubmed/30272679
http://doi.org/10.1016/j.molp.2016.12.001
http://doi.org/10.1186/s13059-018-1443-z
http://doi.org/10.1038/nature24644
http://www.ncbi.nlm.nih.gov/pubmed/29160308
http://doi.org/10.1038/s41467-018-05232-2
http://doi.org/10.1038/nbt.4148
http://doi.org/10.1111/pbi.13444
http://doi.org/10.1126/science.aaq0180
http://www.ncbi.nlm.nih.gov/pubmed/29070703
http://doi.org/10.1126/sciadv.aax5717
http://www.ncbi.nlm.nih.gov/pubmed/31086823
http://doi.org/10.1126/science.aaf5573
http://www.ncbi.nlm.nih.gov/pubmed/27256883


Genes 2021, 12, 797 31 of 31

185. Xue, C.; Zhang, H.; Lin, Q.; Fan, R.; Gao, C. Manipulating mRNA splicing by base editing in plants. Sci. China Life Sci. 2018, 61,
1293–1300. [CrossRef] [PubMed]

186. Li, Z.; Xiong, X.; Wang, F.; Liang, J.; Li, J.F. Gene disruption through base editing-induced messenger RNA missplicing in plants.
New Phytol. 2019, 222, 1139–1148. [CrossRef] [PubMed]

187. Jacob, P.; Avni, A.; Bendahmane, A. Translational research: Exploring and creating genetic diversity. Trends Plant Sci. 2018, 23,
42–52. [CrossRef]

188. Harris, C.J.; Slootweg, E.J.; Goverse, A.; Baulcombe, D.C. Stepwise artificial evolution of a plant disease resistance gene. Proc.
Natl. Acad. Sci. USA 2013, 110, 21189–21194. [CrossRef] [PubMed]

189. Liu, C.; Zhang, L.; Liu, H.; Cheng, K. Delivery strategies of the CRISPR-Cas9 gene-editing system for therapeutic applications. J.
Control. Release 2017, 266, 17–26. [CrossRef]

190. Glass, Z.; Lee, M.; Li, Y.; Xu, Q. Engineering the delivery system for CRISPR-based genome editing. Trends Biotechnol. 2018, 36,
173–185. [CrossRef]

191. Liu, J.-J.; Orlova, N.; Oakes, B.L.; Ma, E.; Spinner, H.B.; Baney, K.L.M.; Chuck, J.; Tan, D.; Knott, G.J.; Harrington, L.B. CasX
enzymes comprise a distinct family of RNA-guided genome editors. Nature 2019, 566, 218–223. [CrossRef] [PubMed]

192. Wang, J.; Meng, X.; Hu, X.; Sun, T.; Li, J.; Wang, K.; Yu, H. xCas9 expands the scope of genome editing with reduced efficiency in
rice. Plant Biotechnol. J. 2019, 17, 709. [CrossRef]

193. Qin, R.; Li, J.; Li, H.; Zhang, Y.; Liu, X.; Miao, Y.; Zhang, X.; Wei, P. Developing a highly efficient and wildly adaptive CRISPR-
SaCas9 toolset for plant genome editing. Plant Biotechnol. J. 2019, 17, 706. [CrossRef]

194. Walton, R.T.; Christie, K.A.; Whittaker, M.N.; Kleinstiver, B.P. Unconstrained genome targeting with near-PAMless engineered
CRISPR-Cas9 variants. Science 2020, 368, 290–296. [CrossRef]

195. Ren, Q.; Sretenovic, S.; Liu, S.; Tang, X.; Huang, L.; He, Y.; Liu, L.; Guo, Y.; Zhong, Z.; Liu, G. PAM-less plant genome editing
using a CRISPR–SpRY toolbox. Nat. Plants 2021, 7, 25–33. [CrossRef]

196. Richter, M.F.; Zhao, K.T.; Eton, E.; Lapinaite, A.; Newby, G.A.; Thuronyi, B.W.; Wilson, C.; Koblan, L.W.; Zeng, J.; Bauer, D.E.
Phage-assisted evolution of an adenine base editor with improved Cas domain compatibility and activity. Nat. Biotechnol. 2020,
38, 883–891. [CrossRef] [PubMed]

197. Anzalone, A.V.; Randolph, P.B.; Davis, J.R.; Sousa, A.A.; Koblan, L.W.; Levy, J.M.; Chen, P.J.; Wilson, C.; Newby, G.A.; Raguram, A.
Search-and-replace genome editing without double-strand breaks or donor DNA. Nature 2019, 576, 149–157. [CrossRef] [PubMed]

198. Xu, R.; Li, J.; Liu, X.; Shan, T.; Qin, R.; Wei, P. Development of plant prime-editing systems for precise genome editing. Plant
Commun. 2020, 1, 100043. [CrossRef] [PubMed]

199. Lin, Q.; Zong, Y.; Xue, C.; Wang, S.; Jin, S.; Zhu, Z.; Wang, Y.; Anzalone, A.V.; Raguram, A.; Doman, J.L. Prime genome editing in
rice and wheat. Nat. Biotechnol. 2020, 38, 582–585. [CrossRef]

200. Chhetri, H.B.; Macaya-Sanz, D.; Kainer, D.; Biswal, A.K.; Evans, L.M.; Chen, J.G.; Collins, C.; Hunt, K.; Mohanty, S.S.; Rosenstiel, T.;
et al. Multitrait genome-wide association analysis of Populus trichocarpa identifies key polymorphisms controlling morphological
and physiological traits. New Phytol. 2019, 223, 293–309. [CrossRef] [PubMed]

201. Zhang, J.; Yang, Y.; Zheng, K.; Meng, X.; Kai, F.; Sara, S.J.; Gunter, L.E.; Ranjan, P.; Singan, V.R.; Engle, N.; et al. Genome-wide
association studies and expression-based quantitative trait loci analyses reveal roles of HCT2 in caffeoylquinic acid biosynthesis
and its regulation by defense-responsive transcription factors in Populus. New Phytol. 2018, 220, 502–516. [CrossRef]

202. Muchero, W.; Sondreli, K.L.; Chen, J.G.; Urbanowicz, B.R.; Zhang, J.; Singan, V.; Yang, Y.; Brueggeman, R.S.; Franco-Coronado,
J.; Abraham, N.; et al. Association mapping, transcriptomics, and transient expression identify candidate genes mediating
plant-pathogen interactions in a tree. Proc. Natl. Acad. Sci. USA 2018, 115, 11573–11578. [CrossRef]

203. Induri, B.R.; Ellis, D.R.; Slavov, G.T.; Yin, T.; Zhang, X.; Muchero, W.; Tuskan, G.A.; DiFazio, S.P. Identification of quantitative trait
loci and candidate genes for cadmium tolerance in Populus. Tree Physiol. 2012, 32, 626–638. [CrossRef]

204. McNally, K.l.; Childs, K.L.; Bohnert, R.; Davidson, R.M.; Zhao, K.; Ulat, V.J.; Zeller, G.; Clark, R.M.; Hoen, D.R.; Bureau, T.E.; et al.
Genomewide SNP variation reveals relationships among landraces and modern varieties of rice. Proc. Natl. Acad. Sci. USA 2009,
106, 12273–12278. [CrossRef]

http://doi.org/10.1007/s11427-018-9392-7
http://www.ncbi.nlm.nih.gov/pubmed/30267262
http://doi.org/10.1111/nph.15647
http://www.ncbi.nlm.nih.gov/pubmed/30565255
http://doi.org/10.1016/j.tplants.2017.10.002
http://doi.org/10.1073/pnas.1311134110
http://www.ncbi.nlm.nih.gov/pubmed/24324167
http://doi.org/10.1016/j.jconrel.2017.09.012
http://doi.org/10.1016/j.tibtech.2017.11.006
http://doi.org/10.1038/s41586-019-0908-x
http://www.ncbi.nlm.nih.gov/pubmed/30718774
http://doi.org/10.1111/pbi.13053
http://doi.org/10.1111/pbi.13047
http://doi.org/10.1126/science.aba8853
http://doi.org/10.1038/s41477-020-00827-4
http://doi.org/10.1038/s41587-020-0453-z
http://www.ncbi.nlm.nih.gov/pubmed/32433547
http://doi.org/10.1038/s41586-019-1711-4
http://www.ncbi.nlm.nih.gov/pubmed/31634902
http://doi.org/10.1016/j.xplc.2020.100043
http://www.ncbi.nlm.nih.gov/pubmed/33367239
http://doi.org/10.1038/s41587-020-0455-x
http://doi.org/10.1111/nph.15777
http://www.ncbi.nlm.nih.gov/pubmed/30843213
http://doi.org/10.1111/nph.15297
http://doi.org/10.1073/pnas.1804428115
http://doi.org/10.1093/treephys/tps032
http://doi.org/10.1073/pnas.0900992106

	Introduction 
	Prokaryotic Origin of CRISPR 
	Working Principle of CRISPR-Cas9 in Plants 
	Non-Homologous End Joining (NHEJ) Directed Genome Editing 
	Homology-Directed Repair (HDR) Mediated Precision Genome Editing 
	Beyond Double-Strand Breaks: Recruiting Proteins via dCas9 
	Fine-Tuning Plant Gene Expression Regulation 
	Engineering High-Efficiency Delivery Platforms for Plant Genome Editing 

	Availability of Compatible Nucleases 
	Breakthrough Technologies in Generating DNA-Free and Genetically Stable CRISPR-Edited Plants 
	Methods for Detection of Mutation/Edits Created by CRISPR/Cas9 
	PCR Based Detection 
	Sequencing Based Detection 
	Fluorescence Marker Assisted Detection 
	Transgene Killer CRISPR Technology 

	Multi-Gene Targeting and Complex Genetic Engineering 
	Base Editing for Plant Breeding and Crop Improvement 
	Prime Editing Systems for Precision Editing of Plant Genomes 
	Conclusions 
	References

