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Abstract

Genome editing is a useful, adaptable, and favored technique for both functional genomics and crop enhancement. Over the years,
rapidly evolving genome editing technologies, including clustered regularly interspaced short palindromic repeats/CRISPR-associated
protein (CRISPR/Cas), transcription activator-like effector nucleases (TALENS), and zinc finger nucleases (ZFNs), have shown broad
application prospects in gene function research and improvement of critical agronomic traits in many crops. These technologies have
also opened up opportunities for plant breeding. These techniques provide excellent chances for the quick modification of crops and
the advancement of plant science in the future. The current review describes various genome editing techniques and how they function,
particularly CRISPR/Cas9 systems, which can contribute significantly to the most accurate characterization of genomic rearrangement
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and plant gene functions as well as the enhancement of criti-
cal traits in field crops. To accelerate the use of gene-editing
technologies for crop enhancement, the speed editing strategy
of gene-family members was designed. As it permits genome
editing in numerous biological systems, the CRISPR technology
provides a valuable edge in this regard that particularly captures
the attention of scientists.

Keywords CRISPR/Cas9 - Genome editing - Genetic
engineering - Plants - Crop improvement

Introduction

Environmental, agronomic, social, and economic social benefits
for farmers and consumers have been promoted by genetically
modified plants via Agrobacterium-mediated T-DNA insertion,
as concerns about the potential risks associated with genetically
modified (GM) crops continue to mount, questions surrounding
their safety both for the environment and for human consumption
have become more prevalent (Craig et al. 2008). However, the
process of detecting mutations, identifying T-DNA, and identify-
ing insertions is all time-consuming. Therefore, Voytas (2013)
presented programmed sequence-specific nucleases (SSNs) for
precise genome editing, which revolutionized genome engineer-
ing. In the past few decades, scientists have found many critical
SSNs that may be easily modified and reprogrammed to cause
double-stranded breaks (DSBs) at the desired chromosomal loca-
tion. ZFNs, TALENSs, and the CRISPR-Cas system are three
important genome engineering technologies that have been used
for a variety of purposes (Mahfouz et al. 2014).

However, modern plant breeding techniques such as genome
editing enable crop health enhancement without the use of a
transgene (Zhang et al. 2018), but novel agricultural prod-
ucts are encountering regulatory and social acceptance issues
(Araki and Ishii 2015; Schaeffer and Nakata 2015; Gao et al.
2018) In a similar manner, some of the current editing meth-
ods are (including zinc finger nucleases (ZFNs), TALENSs, and
Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) (Bogdanove et al. 2018). Several new breeding
approaches, such as similarly fast breeding platforms, precise
genome editing, and high thrash out genotyping, in combina-
tion with genetic engineering, have lately resulted in the devel-
opment of high-yielding and disease-free agricultural types
(Wei et al. 2020). Site-specific nucleases, ZFNs, TALENS,
and CRISPR-cas9 are now widely available genome editing
techniques (Wei et al. 2020, Zhu et al. 2017), likewise Cas9
with ZFNs being the first absolutely targeting protein reagents.
DNA-binding domains called zinc-finger proteins (ZFNs) rec-
ognize and bind to a specific sequence of three base pairs (Rai
et al. 2019). ZFNs and TALENS are time and labor-intensive
compared to CRISPR/Cas9, which may modify single or sev-
eral genes in plants (Tang et al. 2017; Xie et al. 2015; Ishizaki
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2016; Feng et al. 2014; Zong et al. 2017). Furthermore, the
application of CRISPR/Cas9 has led to substantial advance-
ments in cotton, rice, wheat, and other crops. These results
suggest that this technology could be widely utilized in rape-
seed breeding and innovation, promoting directional variation
and the evolution of breeding practices (Braatz et al. 2017).
The CRISPR/Cas9 nuclease cuts genomic targets that are
governed by a single guide RNA (sgRNA), and the resulting
double-strand breaks (DSBs) are repaired by an error-prone no
homologous end-joining repair mechanism, which can result in
indel (insertion-deletion) mutations (Feng et al. 2014; Zhu et al.
2017) As a result, because mutants generated by the CRISPR/
Cas9 system do not fundamentally include any exogenous DNA
insertions, the CRISPR/Cas9 system may aid agricultural pro-
gress via possible escape from GM regulation (Gao et al. 2018;
Zhu et al. 2017; Li et al. 2017a, b). Alternatively, mutagenesis
products may be subject to existing GM legislation if they are
used to deliberately and precisely modify an organism’s genetic
components in a manner that does not occur naturally (Araki
and Ishii 2015). Although CRISPR/Cas9 technologies offer a
novel technique to change crops quickly and precisely, such as
to increase productivity (Jones 2015). As CRISPR/Cas9 has
been employed in crop production, concerns about product
protection have grown. This underscores the need for molecu-
lar characterization of CRISPR/Cas9 mutants. The majority of
molecular investigations of CRISPR/Cas9-induced mutations
in plants have relied on the patterns and segregation of the tar-
geted gene alterations in transitory or early systems (Wang et al.
2014; Zhu et al. 2017). While CRISPR nucleases have been
shown to be effective in improving plant defenses against DNA
or RNA viruses, their effectiveness in enhancing resistance to
bacterial diseases remains uncertain. Bacterial pathogens differ
from DNA or RNA viruses in that they do not integrate their
genetic material into host plant cells but instead remain outside
the plant cells. Consequently, genome editing of microbial cells
using CRISPR nucleases expressed in plants may be challeng-
ing.. Several studies have suggested, however, that pathogenic
soil microorganism cells can interchange biological macromol-
ecules as well as small molecules like proteins and microRNAs
(Cai et al. 2018; Thakur et al. 2023). Figure 1 evaluates the
various genome editing techniques and their subsequent crop
enhancement applications, with an emphasis on the genome
editing system’s advancement and limitations in plants.

Technologies for editing plant genome

Precise plant breeding techniques and potential application
of sequence-specific nucleases (SSNs) Sequence-specific
nucleases combine a DNA recognition component with a
nuclease component. CRISPR/Cas9, TALENs, ZFNs, and
mega nucleases are examples of SSNs (Table 1).
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Fig. 1 Overview of the various
aspects of genome editing in
plants, including its potential
applications, challenges, and
benefits
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Table 1 Comparison between ZFNs, TALENs and CRISPR/Cas on the nuclease platform and clinical trial data (Ahmar et al. 2020)

Characteristics ZFN TALEN CRISPR/Cas9

Full form Zinc finger nucleases Transcription activator-like effec-  Clustered regularly interspaced
tor nucleases short palindromic repeats

Source Bacteria, eukaryotes Bacteria (Xanthomonas sp.) Bacteria (Streptococcus sp.)

Double-stranded break pattern

Improved/other versions
Efficiency/inefficiency

Construction

Targeting

Delivery

Multiplexing

Feasibility of library construction

& transformation for genome-
wide screens

Affordability

Staggered cut (4break pa’ over-
hang)

AZP-SNase

The small size of ZFN expression
cassettes allow use in a variety
of viral vectors

Protein engineering for every
single target

Proteinngcleotide sequence of
sgRNAe targ

Two ZFNs around the target
sequence are required

Challenging
Technically challenging

Resource intensive and time-
consuming

Staggered cut (heterogeneous
overhangs)

Tev-mTALEN

Packing into viral vectors are
difficult due to the large size of
TALEN

Protein engineering for every
single target

Proteinngcleotide sequence of
sgRNAe targ

Two TALENSs around the target
sequence are required

Challenging
Technically challenging

Affordable but time-consuming

SpCas9 generates blunt ends; Cpf1l
generates Staggered cut (50
overhangs)

Cpf1, eSpCas9

Commonly used Cas9 from S. pyo-
genes is large, impose packaging
problems in viral vectors

The 20-Nucleotide sequence of
sgRNA

DNAteinngcleotide sequenghly
predictable

sgRNA complementary to the tar-
get sequence with Cas9 protein

Highly feasible
Highly feasible

Highly affordable

Mega nucleases

Mega nucleases (MNs) were a novel class of nucleases
that were frequently used in plant genome engineering
(D, re an et al. 2013). Mega nucleases are distinguished
from other endonucleases by a large recognition site of
around 12—40 bp (base pairs), which makes MNs the most
successful delivery route for all vectors, including plant

RNA viruses (Mishra and Zhao 2018). Homing endonu-
cleases are the most common name for meganucleases.
Non-homologous end-joining (NHEJ) is a technique for
repairing double-stranded breaks (DSBs) that enable gene
knockout in Arabidopsis and tobacco plants (Zhang et al.
2010). Mega nucleases, on the other hand, are difficult
to remodify in conjunction with other genome-targeting
approaches because their DNA-binding and catalytic
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domains are frequently combined and cannot be sepa-
rated (Puchta 2005). Earlier work in Arabidopsis, maize,
and Gossypium hirsutum (cotton) showed that modified
mega nucleases might be used to alter genes in plants.
However, because controlling mega nucleases looks to be
difficult, more research is needed to improve this strategy.
As a result, researchers have concentrated on more effec-
tive, simple, and accurate gene engineering tools, such as
ZFNs, TALENSs, and CRISPR.

Zinc-finger nucleases

The advent of zinc-finger nucleases (ZFNs) brought about
a significant transformation in genome modification as they
were the first protein reagents capable of targeting specific
sites. ZFNs function as DNA-binding domains that accu-
rately recognize three base pairs at the intended target loca-
tion (Rai et al. 2019) Because ZFNs target DSBs, they are
highly successful and impactful tools for genome editing
(Durai et al. 2005). The initial iteration of genome editing
techniques utilizing ZFNs were created through the use
of chimeric nucleases, which were made possible through
the functionalization of the Cys2-His2 zinc-finger domain
(Papworth et al 2006). ZFN contains two domains that are
DNA-binding domain and the DNA cleavage domain which
are required for its functioning. The DNA-binding domain
is made up of 300-600 zinc-finger repeats (Carlson et al.
2012), with each repeat capable of recognizing and inter-
preting between 9 and 18 base pairs (bp) of DNA sequence.

The DNA cleavage domain is a widely recognized com-
ponent of the type II restriction endonuclease Fokl1, func-
tioning as a nonspecific cleavage domain. This same domain
also serves as the DNA cleavage domain in ZFNs (Carroll
et al. 2006). Comprised of two monomers that bind to their
respective target sequences in reverse between 5 and 6 bp,
ZFNs with Fokl domains are capable of separating DNA
from its flanking sequence. The 24--30-bp segment is iden-
tified by a zinc-finger domain, which contains unique or
rare targeting locations within the genome (Gaj et al. 2012;
Minczuk et al. 2008).

A variety of ZFNs have been developed and tested in a
variety of species. Off-target impacts became less common
as technology became more specific and efficient. Context-
dependent Assembly (CoDA), Oligomerized Pool Engineer-
ing (OPEN), and Modular Assembly (MA) are the three
most often used technologies for designing ZF domains.
Several software packages are available for generating
engineered ZFs (ZiFiT), storing a database of ZFs (ZiFDB),
and identifying possible ZFN targets in a variety of model
organisms (ZFNGenome) (Sander et al. 2007). Zinc-finger
nucleases should continue to be a useful technique for edit-
ing plants because of their modest size (300 amino acids per
zinc finger nuclease monomer) and advances in strategies
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for redirecting targeting (Sander et al. 2007). Scientists are
learning to build and regulate basic and applied genomic
targets, which is advancing genome editing.

Transcriptional activator-like effector nucleases

TALEN:S (transcription activator-like effector nucleases) are
a form of site-directed mutagenesis that operates similarly
to ZFNs and were initially discovered in Xanthomonas plant
pathogenic bacteria. Adding further information TALENs
are extremely selective since they only target one nucleotide
at the target site (Boch et al. 2009; Christian et al. 2010).
In both angiosperms and bryophytes, TALENs have been
successfully employed to modify genomes (Shan et al.
2013; Kopischke et al. 2017). The DNA binding domain of
TALENSs corresponds to a single TALE protein and a single
base pair. In 2014, the recognition preferences of 400 unique
RVDs were decoded, making TALENS a valuable tool for
researchers studying gene function and gene therapy (Yang
et al. 2014). TALEs are also notable for their 34-amino-acid
multiplex repetitions, which allow for the effective edition
of a single base pair (Zhang et al. 2019). DNA repetitive
sequences can affect TALE proteins as well. TALE proteins
continually fix the nucleotides of the DNA sequence at the
50-end thymidine base. In the absence of a 50 T, the activi-
ties of TALE transcription factors (TALE-TFs) and TALE
recombinase (TALE-R) are reduced (Lamb et al. 2013).
TALENS are better than ZFNs because they are easier to
modulate and have a lower off-target rate. However, TAL-
ENs and ZFNs face issues in protein synthesis, validation,
and design, which are some of the barriers to their general
adoption for standardized use.

CRISPR Cas system

The CRISPR/Cas system is the most recent member that
belongs to the SSN family. Many genetically damaging
entities, including phages, transposons, and plasmids, have
been encountered by archaea and bacteria. Against these
environmental stimuli or elements, they have developed a
number of defense systems. Several restriction site modifi-
cation enzymes, for example (Bsml, Bcgl, and Bfml etc.),
are a defense mechanism that uses variations in host restric-
tion patterns and infectious agents to remove the pathogen
A. (Forde and Fitzgerald 1999). Bacteria and archaea have
just discovered a new defense mechanism. This defense
mechanism is distinct from the CRISPR Cas system (Bar-
rangou and Marraffini 2014), which was previously identi-
fied. CRISPR stands for “Clustered Regularly Interspaced
Short Palindromic Repeats,” a nucleotide sequence family
found in bacteria. These DNA sequences are taken from the
viral genome. CRISPR sequences are part of a bacterial viral
defense system. These sequence repeats are part of many
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viruses that have attacked these bacteria, and the bacteria
have saved a tiny section of the viral genome called spac-
ers. In 2007, Streptococcus thermophilus received a short
sequence (spacer) from an infecting phage and integrated
it into his CRISPR system for the first time (Sapranauskas
et al. 2011). Manipulation of S. thermophilus’ CRISPR sys-
tem was used in further research. Researchers removed vari-
ous spacers to see how they affected the bacterial immune
system. Brouns and Oost coined the term “cascade” to
describe the CRISPR associated (Cas) protein complex
they identified. Cas proteins turn RNA precursor into
mature RNA containing spacer sequence (crRNA), which
is required for bacteria to defend against viral pathogens
(Barrangou and Marraffini 2014). Furthermore, the breakage
of the viral genome needed helicase and nuclease activity,
which should be part of this cascade. With the passage of
time, different Cas proteins were found based on their struc-
ture, mode of action, and target (DNA/RNA).

Cas1and Cas2 Casl and Cas2 are CRISPR system Cas pro-
teins that are generally conserved. Both proteins produce a
stable complex that is required for spacer acquisition. Casl
is a metal-dependent nuclease that creates double-stranded
DNA. Plant adaptive immunity is based on the Casl and
Cas2 complexes. This combination creates a Nick in the
CRISPR array’s double standard DNA near the coding
sequence, allowing the spacer to integrate into the array
(Nufiez et al. 2014).

Type of CRISPR Cas protein

Cas proteins of type I are most commonly found in archaea
and bacteria. They fight viral DNA as part of a riboprotein
complex known as a cascade. Cas3 is an example of type
I Cas protein. To recognize the target sequence, they need
a certain protospacer adjacent motif (PAM) sequence. It
simply takes CRISPR RNA (crRNA) to target the invading
virus’s protospacer (Sinkunas et al. 2011). Cas9 is one of
the type II Cas proteins. with many domains that execute
distinct activities. Both DNA and RNA can be targeted by
Cas proteins of type III. They resemble type I Cas proteins
in terms of structure. Repeated associates Mysterious Pro-
teins (RAMPs) are found in type III. A cascade of type I Cas
is equivalent to these RAMPs. It has been subdivided into
two subtypes: subtype IIIA attacks plasmid DNA and sub-
type IIIB attacks RNA, although more research is needed.
RAMPs are also present in type III CRISPR Cas system, in
addition to universal Cas2 protein. This class of nucleases
can target both types of genomes at the same time, but more
research is needed. Moreover, there are many other types of
enzymes that are mentioned in Table 2.

CRISPR-Cas9 The CRISPR/Cas system utilizes a Cas9 pro-
tein and an RNA complex composed of a CRISPR RNA
(crRNA) and a trans-activating CRISPR RNA (tracrRNA)
to enable targeted DNA cleavage in this system (tractrRNA).
The Cas9 protein cleaves double-stranded DNA upstream of
a protospacer-adjacent motif (PAM; e.g., NGG for Strepto-
coccus pyogenes Cas9) at regions homologous to the crRNA
sequence. To simplify the system, the crRNA and tracrRNA
were combined to create a single-guide RNA (sgRNA) for
genome editing. However, off-target cleavage remains a con-
cern with the CRISPR/Cas system, as noted by some studies
(Fu et al. 2013).

The CRISPR-Cas system uses RNA:DNA interac-
tions to facilitate target site recognition, rather than the
protein:DNA interactions utilized by other genome editing
technologies such as mega nucleases, zinc-finger nucle-
ases, and TALENs. To redirect Cas9 targets, a modifi-
cation of 20 nucleotides within the crRNA or gRNA is
necessary. These 20 nucleotides direct Cas9 binding and
cleavage, and the system is known to tolerate mismatches,
with greater tolerance closer to the target sequence’s 5’ end
(Fu et al. 2013). Recent research indicates that, besides
the PAM sequence, the first 8—12 nucleotides are critical
for target site recognition (Wu et al. 2019). To minimize
off-target effects, several strategies have been developed,
including dual-nicking of DNA (Mali et al. 2013), a fusion
of catalytically-dead Cas9 with FoklI (Tsai et al. 2014),
and shortening of gRNA sequences (Tsai et al. 2014; Fu
et al. 2013).

Cas9 is an endonuclease that contains two separate
nuclease domains: the HNH domain, which cleaves the
DNA strand complementary to the target strand, and the
RuvC-like domain, which cleaves the DNA strand com-
plementary to the guide RNA sequence (target strand)
(Jinek et al. 2012). Double-strand breaks (DSBs) are
repaired via non-homologous end joining (NHEJ) or
homology-directed repair in the presence of a template.
dCas9 is an RNA-guided DNA-binding protein that lacks
endonuclease activity due to mutations in both nucle-
ase domains (Aspl0— Ala, His840 — Ala) (Jinek et al.
2012). Specific activities in the genome can be carried
out by adding effector domains to dCas9. For example,
in Arabidopsis, fusion of the transcriptional activator
VP64 with dCas9 resulted in targeted gene activation by
modifying flowering time regulation. In Arabidopsis and
tobacco, dCas9-VP64 regulated transcriptional activa-
tion of endogenous genes, while dCas9-SRDX regulated
transcriptional repression (Lowder et al. 2018). Multiplex
gene targeting (GT) with several sgRNAs is also possi-
ble with these regulatory domains. Base editing enzymes,
such as cytidine deaminase linked with dCas9, offer a
new dimension to CRISPR/Cas technology by replac-
ing specific bases in the targeted region of DNA and
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Table 2 (continued)

Refs

S50icyclob  Target DNA  AacC2cl is a CRISPR/Cas (Zhu and Huang 2019)

Function

Target

sgRNA size (bp Cut site

20

Host

Size (bp PAM

1277

Class name
AacC2cl

Alicyclobacillus acidoter-

T-rich PAM

endonuclease belonging
to the C2cl-a type V-B
category. It possesses

restris

a bi-lobed architecture

comprising an REC lobe

and a NUC lobe

RNA. In addition, dCas9 can be combined with numer-
ous epigenetic regulatory factors to carry out epigenetic
alterations such as DNA acetylation/methylation, post-
translational histone modification, ubiquitination, and
protein sumoylation and phosphorylation (Shi et al. 2017;
Shrestha et al. 2018). Figure 2 illustrates these potential
applications of dCas9 in epigenetic modifications.

CRISPR-CpF1 CRISPR/CpF1, a new class of nucleases,
was discovered in 2015. CpF1 has several differences from
Cas9. Unlike Cas9, it just needs crRNA to guide the CpF1
complex (Tang et al. 2017). CpF1 may be better at mul-
tiplexing than Cas9 since it uses less crRNA. CpF1 pos-
sesses a “T”-rich PAM, unlike Cas9. CpF1 cuts 18--23-bp
downstream of the recognition site to create staggered ends
(Xu et al. 2017).

CRISPR-Cpfl, also known as CRISPR-Cas12a, was
introduced to further diversify genome engineering tech-
nologies (Fig. 2). Cpfl is a CRISPR class II endonuclease
that belongs to the family of endonucleases (Alok et al.
2020; Zaidi et al. 2017). Because it was identified as
Prevotella and Francisellal, it was given the name Cpfl.
This technology became popular because it was able to fill
the gaps left by prior genome editing tools and can effec-
tively replace CRISPR-Cas9 (Bin Moon et al. 2018; Kim
et al. 2021). It is smaller than Cas9 and requires a shorter
CRISPR RNA to function properly (Liu et al. 2017).
Unlike CRISPR/Cas9, tracrRNA is no longer required to
process mature CRISPR RNAs linked with Cpfl (Zetsche
et al. 2015). Furthermore, unlike CRISPR Cas9, which
uses a G-rich PAM sequence at the 3' end, it requires a
T-rich PAM sequence at the 5’ end to cleave efficiently,
allowing it to target AT-rich areas in the genome. Further-
more, Cpfl causes staggered incisions that make insertion
of a DNA fragment by HDR simple (Gao et al. 2018).
CRIPSR-Cpfl has a lower rate of off-target binding than
CRISPR-Cas9, which could be an advantage (Kim et al.
2017; Kleinstiver et al. 2016). CRISPR-Cpf1 has been
used for targeted genome editing in a variety of eukary-
otes, including plants, according to a number of publica-
tions (Kim et al. 2017; Zetsche et al. 2015). It is also been
utilized to target numerous genomic targets (Wang et al.
2020) (Table 1).

Cas variants and other nucleases for efficient
plant genome editing

There are three Cas9 variants with differing PAM sequences

(Fig. 3): SpCas9-VQR, SpCas9-VRER, and SpCas9-EQR
(Kleinstiver et al. 2016). There have also been reports of
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Fig.2 Comparison of various T-rich PAM
features of CRISPR-Cpf1 (a)

and CRISPR-Cas9 (b). Source:

Adapted from Zaidi et al. (2017) PAM
© 2017. Reproduced with the

permission of Elsevier

Cas9 orthologs from other species with distinct protospacer
adjacent motifs (PAMs) sequences (Cong et al. 2013,
Kim et al. 2017:, Kleinstiver et al. 2015: Xu et al. 2021),
including those from Staphylococcus aureus Cas9 (SaCas9),
SaCas9-KKH, Streptococcus canis (ScCas9), Streptococcus
thermophilus 1 (St1Cas9), and Strepto Additionally, the
recently developed SpCas9 variants xCas9 and SpCas9-NG
have successfully been tested in mice, rice, and Arabidopsis
(Ren et al 2019), and they can identify the non-canonical
NGN PAM in human cells (Nishimasu et al. 2015) SpCas9-
NG was shown to be more effective in editing at NG PAMs
than xCas9 when xCas9 and SpCas9-NG were tested in

g
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Fig. 3 Different CRISPR/Cas Systems/ classes
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CRISPR-Cpf1 (a)

Sticky ends

Blunt ends

CRISPR-Cas9 (b)

mammalian cells and plants (Nishimasu et al. 2015: Walton
et al. 2020). Moreover, Fig. 4 give us the Schematic repre-
sentation of the basic steps of plant genome editing. SpRY,
a recently created PAM modifier NRN >NYN) in mamma-
lian cells, was created utilizing a structure-based engineering
methodology (Walton et al. 2020) SpRY may or may not
function properly in additional model species, though. The
potential for precise base replacements and gene knockouts,
knockins, and knockins would increase if SpCas9 variants
like xCas9, SpCas9-NG, and SpRY could be used in other
animals (Table 2).

Genome editing in plants induces genetic
modifications

1) Targeting double-strand breaks with sequence-specific
nucleases

New techniques in genome engineering, such as the use
of sequence-specific nucleases (SSNs) to regulate the site
of genomic change, have the potential to hasten breeding
processes by altering specific genes in a specific region or
introducing new traits in a specific spot. Once thought to
be impossible, plants can now have their genomes modi-
fied specifically (Paszkowski et al. 1988), SSNs like zinc
finger nucleases have made it possible to insert DSBs into
DNA at a defined particular place (ZFNs) (Kim et al. 2017)
or mega nucleases (Smith J, et al. 2006), the efficiency has
skyrocketed (Puchta and Fauser 2013). Both methods have
serious drawbacks because of how these SSNs are produced.
a major issue is that there are limitations on how precisely
the DNA binding site may be designed. Since Boch et al.
(2009) and others released the coding for transcription acti-
vator-like factors (TALE) (Boch et al. 2009: Moscou and
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Fig.4 Schematic representation of the basic steps of plant genome editing
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Fig.5 No homologous end joining (NHEJ) and synthesis-dependent
strand annealing (SDSA) products of double-strand-break (DSB)
repair. a Sequence-specific nuclease introduces a DSB into the target
gene. Resection of the DSB in SDSA produces a single-stranded mol-
ecule with a 3 end (step 1) that invades the repair template and forms
a D-loop (step 2). The sequence alteration to be incorporated into the
genome is represented by the blue sections in the repair template,
while the grey regions indicate DNA with similarity to the target
gene. When the invading strand’s 3 ends is lengthened, homology to

Bogdanove 2009), things have altered rapidly. Dan Voytas’
lab published the first transcription activator-like effector
nucleases (TALENS) in 2010 (Christian et al. 2010), which
combined the DNA binding portion of a TALE with an
unspecific nuclease. TALENS, like ZFNs, work by fusing

the second 3 end of the DSB permits the two single strands to anneal
and heal the break (steps 3, 4), and products deriving exclusively
from homologous recombination (HR) are formed. If the invading
strand’s three ends cannot identify complementary sequences at the
broken target, HR and NHEJ are used to repair the break (steps 5 and
6). The red areas represent insertions or deletions caused by inaccu-
racy in NHEJ. b The break is re-joined by NHEJ after DSB forma-
tion, which might introduce insertions or deletions at the break loca-
tion

a specified DNA binding domain with the nuclease FokI to
introduce a DSB at a specific site. The cell’s two primary
repair processes, non-homologous end joining (NHEJ) and
homologous recombination (HR), are activated when a DSB
occurs (Fig. 5).

@ Springer
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2) Double-strand-break repair in plants

When delivered into plant cells, SSN locate and cleave the
target DNA, resulting in double-strand breaks (DSBs) that
are repaired by natural DNA repair mechanisms like non-
homologous end-joining (NHEJ) and homology-directed
repair (HDR). NHEJ is the go-to method for fixing DSBs;
however, it can introduce indels at the chromosome-joining
sites.(Chen et al. 2017; Zhu et al. 2017; Fig. 5). The indels that
arise from frameshift mutations are unpredictable in terms
of their size and order, and they frequently result in the dele-
tion of entire genes. HDR, on the other hand, is possible if

a homologous DNA template is provided. Although HDR-
mediated genome editing can result in precise gene replace-
ments, point mutations, DNA insertions and deletions, its
effectiveness in plant cells is quite poor (Fig. 5). A tandem
homology on both ends of the break is exploited for repair
in the comparatively straightforward single strand anneal-
ing (SSA) route of homologous recombination (HR), which
is separated into the resolution of double holliday junctions
(dHJ), generated following strand invasion of the damaged
strand. Both a repeating sequence and a DNA fragment from
outside the cell can take this form. Gene replacement, addi-
tion, or adaptation are frequent results of the pathways (Sprink

A ZFNs B C
Y CRISPR-Cas Cytidine umm Adenosine Reverse
m deaminase . deaminase ‘ transcriptase
TALENS
e nCas9 (D10A) nCas$ (D10A) nCas9 (HB40A)
b el UGl RNA
Guide RNA peg
\
5 flap
|
DSB DSB y 7 __L
G T
+ DNA repair and DNA repair and DNA repair and
NHEJ Donor DNA replication replication replication
‘ HOR . a
A C Precise base substitution
Indel mutation Precise genome editing CeG-to-TeA AsT-t0-GeC /deletion/insertion
D  Indel mutation |E Base substitution |F Targeted insertion |G Targeted deletion |H  Chromosomal
rearrangement
Target site DSB DSB
DSB A = Y o —_—
T c e e — "\
l NHEJ t >< t l 1 Deletion Inversion
DSB
£ L —_— — ——
= === —_— B
- A
® ZFNs ¢ HDR (N-to-N) * HDR ¢ Paired sgRNAs
Translocation Crossove
o TALENs ¢ CBE (C+G-to-TeA) « NHEJ o MMEJ ransioction tossovet
¢ CRISPR-Cas ¢ ABE (A*T-t0-GC) ¢ PE ¢ Cytidine deaminase ® ZFNs
o PE (N-to-N) mediated deletion ¢ TALENs
* PE ¢ CRISPR-Cas

Fig.6 Plant genome editing results in genetic changes. A Schematic
representation of the NHEJ and HDR DNA repair processes when
sequence-specific nucleases cause DNA double-strand breaks (DSBs)
(SSNs). Base editing technology, in (B). To create a cytosine base
editor (CBE) or an adenine base editor (ABE), respectively, adeno-
sine deaminase or adenosine deaminase is fused with Cas9 nickase
(nCas9 (D10A)). A rent chromosomes chromosomal translocations,
and inveE, while C-G to T-A base substitutions are produced by the
CBE. Inhibitor of uracil DNA glycosylase, or UGI. C Top editing
software. The reverse transcriptase, prime editing guide RNA, and
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nCas9 (H840A) combine to form the prime editor (PE) (pegRNA).
D Small random indels are mutated by ZFNs, TALENs, and the
CRISPR-Cas system using the DNA non-homologous end joining
(NHEJ) repair pathway. E HDR, CBE, ABE, and PE all have the abil-
ity to produce base substitutions. F HDR, NHEJ, and PE perform-
ing targeted insertion editing. G Cytidine deaminase-mediated dele-
tion, paired sgRNAs, MMEJ, and PE for targeted deletion editing. H
Chromosome deletions, inversions, translocations, and crossing are
brought about by the simultaneous introduction of pairs of DSBs into
chromosomes
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et al. 2015) (Fig. SA). There are two main subfields within
the non-homologous end joining (NHEJ) field: the classical
(also called canonical) NHEJ, which ligates broken DNA
ends together in the absence of homology, and the alternative
NHEJ, which ligates broken DNA ends using micro homolo-
gies of two nucleotides on the single stranded break ends. In
both cases, a gene disruption occurs due to the addition or
removal of a few nucleotides (Sprink et al. 2015) (Fig. 5B).

3) Base editing technology

Apart from utilizing double-strand break (DSB)-mediated
genome editing, the utilization of CRISPR-derived base edi-
tors has become increasingly popular for creating targeted
single-base modifications in DNA. The two most common
types of base editors are cytosine base editors (CBEs) and
adenine base editors (ABEs). Deaminases that target single-
stranded DNA (ssDNA) and Cas9 (nCas9 D10A), a Cas9
variant with a catalytic impairment, work together to form
base editors.. CRISPR-Cas produces R-loops in single-
stranded DNA (ssDNA) at their intended sites, and these
deaminases catalyze the corresponding C.GTA or ATGC
transitions in the ssDNA strand (Gaudelli et al. 2017; Komor
et al. 2016; Nishida et al. 2016). Cytidine deaminases such
as TAPOBECI1 and PmCDAL1 (Fig. 6B, E). Including a uracil
DNA glycosylase inhibitor into CBEs improves their base-
editing efficacy by modulating the body’s natural DNA
repair mechanisms (Komor et al. 2016). For plant genomes,
CBEs and ABEs have both been optimized (Li et al. 2017a;
Zong et al. 2017). Plants have also been successfully treated
with other CBEs that utilize the deaminases PmCDA1,
hAID, and hAPOBEC3A (Ren et al. 2019; Shimatani et al.
2017; Zong et al. 2017). Plants can make even more exten-
sive use of base editing with the help of dual base editors,
which combine the functional domains of CBEs and ABEs
to make C.G to T.A and A.T to G.C modifications at the
same target site (Li et al. 2017a). Currently available base
editors only generate base transitions and cannot create trans
versions of DNA bases, or display DNA insertions or dele-
tions (C.G to T.A and A.T to G.C). But, with to a recent
technological development known as prime editing, it is now
possible to make all 12 types of base substitutions as well as
small DNA insertions and deletions in human cells (Anza-
lone et al. 2019; Fig. 6C).

4) Prime editing technology

Prime editors are made up of two parts: a prime editing
guide RNA (pegRNA) and a nickase (H840A)-RT fusion
protein produced by the Cas9 system. The pegRNA is a
sgRNA that has been modified to have three extra bases and
a primer binding site (PBS) and an RT template encoding
the desired modification (s).

The Cas9 nickase (H840A) finds the tar-
get site and nicks the nontarget DNA strand to release ss
DNA that mates with the PBS and serves as RT primer.
Reverse transcription transfers the pegRNA edit to nontar-
get DNA.DNA repair integrates the target location after syn-
thesizing the altered DNA flap (Anzalone et al. 2019). Prime
editing has been quickly adapted in plant cells, and some
cereal crops like rice and maize with prime editing have
been successfully regenerated (Zhu et al. 2017). However,
the editing efficiency of prime editors is currently much
lower than that of base editors at the majority of target sites
in plant genomes. Nonetheless, prime editors offer the abil-
ity to install various local mutations, including substitutions,
insertions, and deletions of dozens of base pairs at targeted
DNA sites (Lin et al. 2020). Number of attempts to increase
the effectiveness of prime editing by changing the lengths
of the PBS and RT template in the pegRNA, using different
RTs, processing the pegRNAs with a ribozyme, raising the
culture temperature to encourage reverse transcription, using
improved promoters for pegRNA expression, and enriching
for transformed cells (Xu et al. 2021) have been carried out.

5) Precise modification using donor template or gene tar-
geting

Targeted insertion

The precise insertion of DNA, which enables the modifi-
cation of gene activity, has enabled the stacking of many
agricultural features. Plants have a relatively low efficiency
for HDR-mediated DNA insertion (Chen et al. 2017;
Fig. 6F). As an alternative, the NHEJ pathway can be used
to effectively insert DNA into DSB sites if a donor DNA
template is made available (Wang et al. 2014). Using the
NHEJ pathway to target introns, CRISPR-Cas9 was able
to successfully replace and insert genes, as one example
of this (Li et al. 2017b; Fig. 6F). Micro homology, or com-
patible ends, are created by adding short lengths of donor
DNA that are homologous to the sequence surrounding
the DSB. NHE]J insertions in their intended sites occur
more frequently after this operation. Targeted insertion by
NHEJ can also be induced by using chemically stabilized
double-stranded oligodeoxynucleotide (dsODN) donors
with 5’-phosphorylated ends (Lin et al. 2020).

Targeted deletion
Deletion of target DNA is crucial when editing non-cod-

ing and regulatory DNA regions. Even minor insertions
and deletions (indels) are unlikely to disrupt the function

@ Springer



119 Page 14 of 25

Functional & Integrative Genomics (2023) 23:119

of these regions. By creating double-stranded breaks
(DSBs) using site-specific nucleases (SSNs), it is possible
to induce precise deletions at the desired location(Shan
et al. 2013; Fig. 6G). For instance, when Cas9 is co-
expressed with a pair of sgRNAs, more than 100 kb of
DNA might be destroyed between the target sites (Zhou
et al. 2018). Targeted deletions can also be generated with
a single gRNA by combining Cas9 or Casl2a with TS
exonuclease or by co-expressing an SSN with exonucle-
ases; however, the length of such deletions is a key con-
straint (Zhang et al. 2020). Because the NHEJ pathway
is used for repair, the deleted DNA sequences obtained
using these procedures are neither predictable nor exact.
Micro homology-mediated end joining (MMEJ), which
uses microhomologous microhomologous sequences to
align DSB ends before joining (Fig. 6G), can produce
precise DNA deletions. This method, however, is limited
to producing deletions between pairs of microhomologous
sequences. Multinucleated deletions are possible using
the recently developed APOBEC-Cas9 fusion-induced
deletion systems (AFIDs) (Wang et al. 2020; Fig. 6G).
Cas9 generates a DSB at the target DNA regions, and
APOBEC converts cytidines on the off-target strand to
uridines, which are then removed by uracil DNA glyco-
sylase to provide an abasic (AP) site. The deletion that
proceeds from the delaminated cytidine to the DSBs after
AP lyase removes the AP site is predictable and exact
(Wang et al. 2020).

6) Chromosome and genome rearrangement

In addition to modest changes like short insertions/
deletions and base substitutions, targeted creation of
DSBs employing SSNs also causes massive genome rear-
rangements including big deletions, chromosomal translo-
cations, and inversions, which can also be brought on by
radiation. Large intervening pieces between the digested
sites can be deleted by inducing DNA DSBs at two dif-
ferent sites. When SSNs are employed to cause DSBs, It
is also possible to do specific chromosomal rearrange-
ments that are helpful for cutting or mending genetic links
(Schmidt et al. 2019; Fig. 6H). Deletions and inversions
may develop between two DSBs that are simultaneously
inserted into the same chromosome (Schmidt et al. 2019;
Fig. 6H). Deletions and inversions may develop between
two DSBs that are simultaneously inserted into the same
chromosome (Schmidt et al. 2019; Shan et al. 2013).
According to Schmidt et al. (2019), NHEJ processes,
and on occasion MMEJ, are responsible for these rear-
rangements. Mega base pair (Mbp)-targeted chromosomal
inversions have recently been demonstrated to be pos-
sible in Arabidopsis thaliana (Schmidt et al. 2019) and
maize. Furthermore, the latter showed that this strategy
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does really make it possible to restore genetic crossings.
Crossovers, translocations, and exchanges of sequence
information are only some of the inter-chromosomal rear-
rangements that can occur when two or more DSBs are
created on different chromosomes (Schmidt et al. 2019;
Fig. 6H). Recently, in the plant A. thaliana, reciprocal
translocations across heterologous chromosomes were
established using CRISPR-Cas9 technology (Beying et al.
2020). It is significant that these translocations were her-
itable and in the Mbp range. Yet, more effective methods
need to be developed to fully tap into the huge potential of
targeted chromosomal rearrangements for plant breeding.

7) Genes targets for genome editing in plant

Additionally, genome editing has been used in plants to
functionally annotate genes that have already been identi-
fied and connected to a range of significant activities. As
mentioned in the preceding sections, certain genes, such
as those linked to stress, desired marker genes, and genes
involved in plant architecture, have been targeted.

Target genes for the enhancement
of resistance against biotic stresses

Physical and biological stresses cause annual severe yield
losses. Engineering crop plants to resist stress is an essen-
tial undertaking for dependable and long-lasting yield
development. Endophytic fungi, bacteria, nematodes, plant
parasites, harmful insects, and plant virus infection are all
examples of biotic stressors that plants face. Plant viruses
by themselves can reduce output by 10 to 15% globally
(van Regenmortel and Mahy 2009). In addition to demon-
strating that broad-spectrum Gemini virus resistance can
be conferred to N. benthamiana plants by targeting the
correlated mononucleotide sequence (TYLCV, CLCuKoV,
TYLCSV, BCTV-Worland, MeMYV, and BCTV-Logan), Ali
et al. (2016) demonstrated that the capacity of Gemini
viruses to avoid CRISPR/Cas9 reagents is a critical factor
to consider, as evidenced by the development of immediate
resistance against a number of begomoviruses by targeting
correlated non-nucleotide sequences. The ongoing battle
between plant hosts and invading viruses can increase the
likelihood of such events. Reports show that the CRISPR/
Cas9 system is more effective against viruses when non-
coding intergenic sequences are targeted, while targeting
coding sequences produces virus variants that are able to
circumvent the system (Ali, Z. et al. 2016). By targeting
the coat protein (CP) or replicas (Rep), Tashkandi et al.
(2018) resulted in tomato plants that are resistant to the
begomovirus TYLCV, with the most prevalent mutation
found in Cas9 targeted sites being a single nucleotide
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change. Targeting RNA viruses with CRISPR/Cas9 tools
has been challenging because sgRNA-default Cas9’s pri-
mary target is DNA. Cas9 can be programmed to target
RNA, and the type III-B and Type VI-A CRISPR/Cas sys-
tems from Leptotrichia shahii (LshCas13a) and Leptotri-
chia wadei (LwaCas13a) cause cleavage of RNA sequences
corresponding to the sgRNA. By reprogramming sgRNA
specific for the RNA genome of cucumber mosaic virus
(CMV) or tobacco mosaic virus (TMV), Zhang et al.
(2018) recently shown the aforementioned strategy could
be successfully used (TMV). Using Francisella novicida
Cas9 (FnCas9), they were able to produce plants like Nico-
tiana benthamiana and Arabidopsis that had considerably
lower viral titers (Zhang et al. 2018). One possible solu-
tion to this problem is to develop plants that are resistant to
viruses by targeting specific plant genes that are involved
in infection rather than the viral RNA. For instance, the
elF4E and elF(iso)4E genes have been identified as play-
ing essential roles in the infection of Turnip Mosaic Virus
(TuMV) in Arabidopsis, among other examples.Using
the CRISPR/Cas9 system, this method has been success-
fully employed in making Arabidopsis plants resistant to
the potyvirus TuMV). Two potyviruses, Papaya ringspot
mosaic virus-W and Zucchini yellow mosaic virus, as well
as an ipomovirus, Cucumber vein yellowing virus, have
been developed into fully resistant cucumber (Cucumis
sativus L.) plants (Chandrasekaran et al. 2016). A number
of natural foundations of Potyvirus resistance are brought
on by loss-of-function mutations in host initiation factors
(Sanfagon 2015), which lead to broad-spectrum resist-
ance. This makes disrupting eIF4E and elF(iso)4E-like
host factors advantageous. Any host gene that encodes a
virus requirement for successful infection spread could be
a target, even though translation initiation factors are the
top candidates for change in the host genome (Sanfacon
2015). The system’s potential significance for control-
ling viral infections in crops is highlighted by CRISPR/
capacity Cas9’s to produce virus resistance. Gene editing
has also increased plant tolerance to bacterial and fungal
diseases. Numerous crop species have been the subject of
intensive research into powdery mildew resistance. Pow-
dery mildew can be effectively controlled by fungicides,
but due to the quick evolution of fungal strains resistant
to them, the increased costs to growers, and the damag-
ing effects of fungicides on the environment, it is nec-
essary to discover alternate remedies. The most widely
used method for breeding resistant cultivars is to target
susceptibility genes (S genes), which reduce plants’ resist-
ance to powdery mildew (Wang et al. 2014). This implies
that broad-spectrum resistance to powdery mildew would
result from failed mutations in the MLO alleles. Powdery
mildew is a symptom of Blumeria graminis f. sp. tritici
(Bgt), one of the most detrimental plant diseases to wheat

productivity. In hexaploid wheat, Wang et al. (2014) suc-
cessfully knocked out all MLO gene homologs using a
gene editing approach, conferring long-lasting Bgt resist-
ance on wheat plants. Targeting MLO genes, a different
study used CRISPR/Cas9 editing to develop “tomelo”
tomato plants that were resistant to powdery mildew.
The Erysiphe necator infection, a fungus pathogen that
causes powdery mildew, has also been targeted for sup-
pression using MLO7, a susceptibility (S) gene in grapes
(Pessina et al. 2016). The CRISPR/Cas9 tools were deliv-
ered directly to the Chardonnay grape cultivar protoplasts
via ribonucleoproteins (RNPs). Using a similar technique,
apple trees resistant to the enterobacterial phytopathogen
Erwinia amylovora, which causes fire blight, were created
in the same study. For this reason, the genome editing
targets for the DIPM-1, DIPM-2, and DIPM-4 genes were
chosen (Malnoy et al. 2016). The CRISPR/Cas9 genome
editing method has been utilized to establish resistance
to blast disease in japonica rice by using sgRNAs to tar-
get codons close to the OSERF922 translation initiation
codon and produce indels (Wang et al. 2016). This sug-
gests that altering OsERF922 can produce plants with
increased resistance without impairing plant development.
The researchers also evaluated the mutant lines for several
agronomic characteristics such as flag leaf thickness, plant
height, panicle length, number of panicles, seed weight,
and seed setting rate. However, no significant differences
were found in any of these traits compared to the wild-type
plants. The use of genome editing techniques in the fight
against severe plant diseases appears to be very promising.

Target genes for the enhancement of abiotic
stress tolerance in plants

Abiotic stressors are the main factors limiting agricultural
productivity, and they will continue to have a detrimen-
tal impact as the world heats. Research is challenging
because environmental factors have a significant impact
on environmental stressors tolerance and are controlled
by a range of genes (Ullah et al. 2023; Yijun et al. 2022;
Zada et al. 2022). While conventional breeding methods
and transgenic systems have both helped generate resil-
ient crop varieties (Ali et al. 2022a, 2022b, 2022c), the
complex inheritance of abiotic stress-related traits with
increased environmental influences makes the generation
of novel cultivars through these methods extremely dif-
ficult. On the other hand, induced mutagenesis, which is
entirely dependent on chance, is a well-studied method
for enhancing the genetics of a range of crop species
(Kumawat et al. 2019). The CRISPR/Cas9 system can be
used in the forward genetics strategy of changing genes
and gene expression to learn more about the genetics of
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abiotic stress response and aid in the production of stress-
resistant crop varieties.. Despite its widespread use in the
field of plant science, very little has been published on
the topic of how the CRISPR/Cas9 technique has been
put to use in the pursuit of more resilient plants to abiotic
stress. Shi et al. (2017) developed a CRISPR/Cas-based
method for altering the genetic makeup of corn to boost
its resilience and increase its yields in the face of drought..
The protein ARGOSS, which prevents ethylene reactions,
was the subject of the investigation. Genome-edited plants
with increased ARGOS8 expression were more tolerant
to drought (Shi et al. 2017). Another study created trun-
cated gRNAs (tru-gRNAs) using a tissue-specific AtEF1
promoter and Cas9, which led to alterations in inorganic
stress-responsive genes including OST2/AHA1, which
resulted in enhanced stomatal responses in Arabidopsis.
Rice OsRR22 and OsNACO041 have both been identified as
salt tolerance targets (Zhang et al. 2019). A recent study
found that multiplex genome editing with Acidaminococ-
cus Casl2a (Cpfl) was successful in targeting 25 distinct
genomic locations (Paul and Montoya 2020). The strategy
outlined above can be helpful for simultaneously treating
many genes linked to abiotic stress. With genome editing
allowing for the manipulation of solute transport regula-
tors, notably for freshwater, urea, H,0,, and silicon, aqua-
porins are among the most attractive options for abiotic
stress improvement (Haq et al. 2022; Atta et al. 2022).
These findings suggest that the CRISPR/Cas system can
be successfully used for this innovative purpose, and that
future work will focus on targeting minor genes of com-
plicated quantitative characteristics connected to abiotic
challenges.

Translational and post translational efforts
by targeting genes previously annotated
with RNAi

Currently, a number of genes that were previously identi-
fied using RNAI are being subjected to genome editing
to introduce knockout mutations For example, CRISPR/
Cas9, has been used to delete ROC gene 5 in rice, which
was previously identified through RNAi technology (Feng
et al. 2014), Tomatoes with a self-pruning 5G (SP5G)
gene, and Mildew Locus O (MLO-7) in grapevine (Pessina
et al. 2016). In order to avoid the severe and expensive
limits imposed on the commercial production of trans-
genic cultivars generated using RNAi technology, target-
ing previously identified genes is crucial for two reasons:
first, CRISPR/Cas is still in its infancy and need further
research. The US government has already designated crops
improved through genome editing that do not contain any
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foreign DNA as non-transgenic, and it is anticipated that
other nations would do the same. Thus, the CRISPR/
Cas technology is preferred over RNAi for gene editing
in order to release improved crop varieties in an orderly,
cost-effective, lucrative, and commercially straightfor-
ward manner. The ability to simultaneously target multiple
genes with CRISPR/Cas is another capability. CRISPR/
Cas multi-targeting constructs contain genes previously
identified by RNAI, such as pectin lyase (PL), which is
associated with tomato fruit softening. For the compara-
tive analysis of tomato cell wall mutants, PL and two addi-
tional pectin-degrading enzymes, polygalacturonase 2a
(PG2a) and -galactanase (TBG4), were addressed (Wang
et al. 2019). In numerous experimental settings, analyzing
mutants is difficult and murky. By simultaneously target-
ing several genes, CRISPR/Cas gives a solution to this
problem. Multiplexed gene targeting is explained in fur-
ther detail later in this paper.

Genome engineering for enhancing
phytoremediation of hazardous metals (loid)

Producing plants for phytoremediation of polluted soils
and rivers can be done successfully using engineering.
The genes that improve plants’ ability to mobilize, stabi-
lize, and/or accumulate metals are advantageous for these
plants. Numerous genes have already been found that pro-
mote metal tolerance, metal uptake, and hyper accumula-
tion. Most often, transgenic plants with improved phytore-
mediation abilities are created by introducing a gene that
is not native to the plant (Gunarathne and Lee 2019). Oli-
gonucleotide donor sequences can be modified by precise
nucleotide exchanges, which may be used to improve plants’
resilience to temperature stress. Inserting long sequences via
NHEJ or homologous recombination can enable the incor-
poration of transgenes into specific sites that facilitate high-
level transcription without interfering with the functionality
of endogenous genes.(Wang et al. 2014). By utilizing this
method, it is possible to generate designer plants with hyper-
accumulating properties that can remove heavy metals from
contaminated soil in diverse environmental conditions(Sanz-
Fernandez’ et al. 2017; Fig. 7).

Numerous metallicolous plants have been entirely or
partially sequenced to date, including Noccaea caerules-
cens and Arabidopsis juncera. Certain energy crops have
also had their genomes examined and modified to increase
their resistance to pollution (Estrela and Cate 2016). To
better pinpoint the genes responsible for phytoextraction,
phytostabilization, phytovolatilization, and phytodegra-
dation of heavy metals, it may be useful to modify the
genomic sequences of these plants. Using CRISPR, the
desired gene set can be introduced into the plant’s DNA
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Fig.7 CRISPR/Cas9 gene editing tool for the purpose of double
strand cleavage, sgRNA directs the Cas9 nuclease to the target DNA
location upstream of the PAM (protospacer adjacent motif) region.
The HNH (His-Asn-His) and RuvC domains of Cas9 nuclease medi-
ate the cleavage function. There are two ways to fix double strand
breaks (DSBs) in DNA: HDR (HOMOLOGY-DIRECTED REPAIR)

without the need for a vector. Contrasting with ZFNs and
TALENS, this method uses high-throughput gene editing
(Jinek et al. 2012; Mali et al. 2013). The availability of
sequence data for both monocot and dicot plant genomes,
along with computational tools, bioinformatics-based
approaches, and the development of codon-optimized
versions of Cas9, has opened up new possibilities for the
application of CRISPR-Cas9 genome editing in metalli-
colous plants (Lowder et al. 2018). Increased production
of plant growth hormones like auxin, cytokinin, and gib-
berellic acid, as well as root exudates like metallothionines
and phytochelatins, may be the result of CRISPR-mediated
gene expression in plants. Several studies dating back to
the early 2000s have used CRISPR-Cas9 gene-editing
technology to isolate plant and bacterial genes that, when
introduced to target plants, exhibited beneficial metal reme-
diation effects.. Arabidopsis and tobacco plants with an
active NAS1 gene had increased Mn and Ni absorption and
showed greater tolerance to Cu, Cd, Ni, Mn, Fe, Mn, and
Zn (Kim et al. 2017). When the genes for metallothionine
(MTAI1, MT1, and MT2) were overexpressed in tobacco
and Arabidopsis plants, the plants were better able to take
in Zn, Cd, Cu, and Cd. Many studies have revealed genes
in plants and bacteria that function to detoxify and break
down both organic and inorganic pollutants (Murtaza et al.
2022, 2023; Sarma and Prasad 2018).
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and NJEJ (non-homologous end joining). Genes are knocked in by
the HDR and knocked out by the NHEJ. This gene-editing method
can be employed to create hyperaccumulators, where the levels of
metal transport protein, phytohormones, plant siderophores, and
chemotaxis in plant-associated bacteria are enhanced

8) Editing polyploidy genomes—challenges and perspective

It is challenging and time-consuming to incorporate valu-
able traits into important crop types using standard breed-
ing techniques, especially in complex polyploid genomes
like those of wheat, sugarcane, cotton, and potato (Ali
and Mahmood 2015; Ali et al. 2015). Standard breeding
practices in polyploid plants make it extremely difficult to
introduce a number of desirable traits and change metabolic
pathways. On the other hand, genome editing techniques
provide important advantages over conventional breeding
techniques, such as the capacity to simultaneously target
numerous genomic regions or metabolic pathways without
leaving a linkage trail. Previously, CRISPR/Cas9 technology
has been employed to induce mutations in Arabidospsis (Ali
et al. 2022a, 2022b, 2022c¢) and cotton (Li et al. 2017a, b).
This tool has demonstrated high efficacy and specificity in
generating DNA-level mutations within the complex allo-
tetraploid cotton genome (Li et al. 2017a, b).

Duncan grapefruit and potato) as well as to develop
broad-spectrum resistance to powdery mildew in wheat
(Wang et al. 2018). The large genome size and high copy
number in polyploid crops make genome editing extremely
challenging, especially for site-directed mutagenesis. A
polyploid genome makes it challenging to knock out several
genes with high homology, but it is possible by establishing
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a sequence of allelic variants and segregating them in the
following generation to select a desired genotype. Since sug-
arcane is a polyploid plant, it is difficult to test gene edit-
ing methods successfully. Continuous manipulation of all
homologs is challenging due to sugarcane’s large (10 GB)
genome and a range of 8ange of 8ion to select a gene. The
number of chromosomes varies even between sugarcane
species belonging to the same genus, and the species are
interfertile (Jardim-Messeder et al. 2021). In sugarcane,
transgene silencing is primarily post-transcriptional in TO
plants and extremely pervasive in primary transformants and
is regulated by the plant’s growth stage, which is a crucial
problem that prevents the practical application of CRISPR-
Cas9. Designing sgRNAs that target sugarcane genes is dif-
ficult because the sugarcane genome is not well-organized.
A key limitation of polyploids is that several mutants are
required to examine the various allele types present in poly-
ploids. In crops with annotated genomes, like cotton and
wheat, multiple sgRNAs can induce mutagenesis, but this
process appears to be more challenging in sugarcane (Jar-
dim-Messeder et al. 2021).

9) Multi-targeting genome editing approaches

The CRISPR/Cas9 system’s versatility and capacity to
simultaneously target multiple genes or sites within a gene
make it an attractive tool for both fundamental and applied
biological research, allowing for the creation of small or
large deletions with numerous potential applications. The
expression of several gRNAs is a common practice. One
method involves the use of individual promoters for the
expression of each gRNA, while another method involves
the expression of several gRNAs on a single transcript that
is then processed or cleaved to liberate the individual gRNAs
(Minkenberg et al. 2017). Effective strategies for CRISPR/
Cas9-enabled multiplex genome editing are becoming more
available, and they range from similar to (i) altering introns
for small interfering RNA expression (ii) T-RNA-mediated
multi-targeting genome editing (iii), and Csy4 nuclease-
mediated multi-targeting genome editing Drosha-based
multi-target genome editing uses a single polymerase 11
promoter to regulate the production of miRNA (or shRNA)-
sgRNA genes that are placed in tandem, one after the other.
Pol IIT promoters are commonly used to generate sSgRNAs
since they lack distinguishing features such the 5’ cap, 3' tail,
or introns; nonetheless, these promoters are inefficient due
to their short length and short life.. Since the 5 cap structure
allows for tissue-specific expression and versatility, sgRNAs
transcribed by Polymerase II are favored. They do, however,
have redundant nuclease activity. A miRNA-based approach
can be used to address this issue. It entails producing mature
gRNAs and miRNAs using the microprocessor protein com-
plex, which is made up of the RNase III enzyme Drosha and

@ Springer

its cofactor, DGCRS or Pasha (Xie et al. 2018). Despite the
fact that it is a very reliable procedure, less plant profes-
sionals like it.

10) Precision genome editing approaches-challenges and
perspective

Due to its error-prone nature, NHEJ, the major repair
pathway for DSBs, generally results in the loss of gene
function.. Contrarily, HR results in sequence alterations or
substitutions (Rouet et al. 1994: Puchta and Fauser 2014).
Gain-of-function point mutations, which can theoretically be
produced by HR, are helpful for genetic research and crucial
for understanding how genes work. Numerous significant
agronomic features, such as herbicide resistance conferred
by the acetolactate synthase (ALS) gene, are the result of
point mutations in the coding areas of genes (Voytas and
Gao 2014). CRISPR-Cas9 gene replacement has been dem-
onstrated in rice and maize; although there are still concerns
(Svitashev et al. 2016), the extremely poor effectiveness of
HR precludes its wider application in plant cells. It is also
necessary to provide plant cells with a DNA repair template
for HR to take place, and the amount of template sent to a
cell can have a major impact on HR’s efficacy. CRISPR-
Cas9 reagents and a DNA repair template were given by
DNA replicons, leading to a greater than tenfold increase in
GT frequencies in tobacco, tomatoes, potatoes, hexaploid
wheat, and rice (deconstructed geminiviruses) (Butler and
Tector 2017). Plants that have had their genomes modified
by DNA replicons may be free of GT agents since gemini-
viruses do not integrate into their host plants’ genomes. In
addition, because DNA replicons employed in them have a
wide range of hosts, many additional plants, including some
significant crops, can be accurately edited using this method.
Utilizing NHEJ can lead to gene substitution in plant cells.
An effective intron-mediated site-specific gene substitution
technique employing CRISPR-Cas9 is one recent example
(Li et al. 2017b). Using this method, we were able to intro-
duce a pair of sgRNAs targeting adjacent introns of an exon,
together with a donor DNA template that had the sgRNA
target sequence split between its two ends, resulting in a 2%
frequency of exon substitutions in the regenerated plants.
Introns are tolerant of modest alterations as long as the splic-
ing sites are unaltered, therefore even though indels are regu-
larly created in introns at the junctions between the donor
template and the endogenous gene, the final spliced gene
product is usually acceptable. Additionally, the site-specific
gene replacements reliably passed down through inheritance
and conferred the anticipated phenotypes (Li et al. 2017b).
Consequently, this method may be a good substitute for pro-
ducing gene replacements in genes that contain introns.

CRISPR-Cas9-based base editing is a novel method for
altering single DNA bases at genomic target sites in animal,
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yeast, and bacterial cells without generating double-strand
breaks (DSBs) or requiring the addition of a donor DNA
template (Komor et al. 2016:, Nishida et al. 2016; Yang et al.
2014). The most efficient form of the base editor employs
a Cas9 nickase (Cas9-D10A) fused to a cytidine deaminase
that can convert C to T (or G to A) and a uracil glycosylase
inhibitor (UGI) to block base excision repair of the base
change (Komor et al. 2016:, Nishida et al. 2016). Despite
their limitations, modern base editors provide a game-chang-
ing approach of accurately altering individual nucleotides
inside a genome by switching them from C to T (or G to A).
Site-specific C to T conversions are available from a number
of plant species thanks to base editors that feature codon
optimization for plants (Lu and Zhu 2017: Zong et al. 2017:
Ren et al. 2019: Shimatani et al. 2017). It seems that plant
cells may have a little wider deamination window for base
editing than animal cells (Zong et al. 2017). Furthermore,
hardly any indel mutations were discovered in the altered
plants (Zong et al. 2017), indicating that this method is quite
specialized to plants.

To enhance characteristics and study gene function in
plants, base editing offers a potent technique for produc-
ing point mutations. Currently, deaminase converts not only
the target C but also any other Cs inside the deamination
window; however, advances in the field may one day allow
for the deamination window to be as small as a single base
pair (Zong et al. 2017). In fact, cytidine deaminase’s win-
dow has recently been modified to shrink from 5 to 1-2
nucleotides (Kim et al. 2017). Cas9 variants with a variety
of PAM requirements have been employed to increase the
range of base editing (Shimatani et al. 2017). To overcome
the constraints imposed by certain PAM sequences, it could
be feasible to use various cytidine deaminases in conjunction
with diverse Cas9 orthologs or Cpfl.. Using methods such
as phage-assisted continuous evolution, we have been able
to alter the fusion enzyme (Carlson et al. 2012), Therefore, it
is not out of the question that one day we will have cutting-
edge technologies that can modify those three extra bases..
The aforementioned progresses should greatly expand the
range of point mutations, eventually allowing the targeting
of any single nucleotide in the genome.

Off-target effect and strategies to avoid
off-targeting

The Cas9 nuclease’s ability to cleave DNA presents a signifi-
cant obstacle to the use of the CRISPR system. Using com-
putational, crystallographic, and single-molecule methods,
the off-target effect of Cas9 has been investigated (Klein et al.
2018; Chen et al. 2017; Singh et al. 2016). It is known that
PAM recognition triggers DNA denaturation at the PAM prox-
imal position, enabling the attachment of the target site and the

crRNA to arrange the R-loop. The ability of Cas9 to cleave tar-
gets with a small number of mismatches is what causes the off-
target impact (Herai 2019; Newton et al. 2019). Some methods
have been developed to anticipate off-target binds based on the
permitted and accepted level of mismatches for DNA cleavage.
For instance, a highly specific sequence free of mismatches is
necessary for DNA cleavage in at least 7-9 PAM-proximal
bases; in contrast, Cas9 binding but not cleavage is acceptable
with 4 bases mismatched in pam-distal position (Singh et al.
2016; Dagdas et al. 2017). To lessen the off-target effect, a few
strategies have been put forth. In general, on-target binding
is stabilized whereas off-target stability is destabilized. One
experimental method takes use of Cas9’s short half-life by
using self-regulatory mechanisms that lower expression in
transcription and translation or an inducible Cas9 gene (Davis
etal. 2015; Shen et al. 2019). The gRNA backbone can also be
chemically altered as an alternative strategy. Partially replacing
RNA nucleotides with their DNA counterparts, or including
2'-O-methyl-3'-phosphonoacetate at specific gRNA sites, has
been shown to significantly decrease off-target cleavage (Yin
et al. 2018; Ryan et al. 2018). Another technique for decreasing
off-target binds and interactions is to limit the concentration of
effector complex components, such as Cas9 and gRNR (Tsai
et al. 2015; Li et al. 2019a, b). One experimental approach to
accomplishing this is to directly introduce Cas9 protein and
gRNA to mammalian cells along with a premade RNP com-
plex and in vitro premixed Cas9 protein. RNP is a short-lived,
degradable compound that has been shown to aid researchers
in achieving greater specificity (Kim et al. 2014). However, it
is yet unknown whether bacteria are capable of electroporation
and delivery of active RNP complexes (Peters et al. 2015).
Another method relies on the use of two separate Cas9 nick-
ases, each of which can cut one of the DNA strands in order
to create two checkpoints for DNA cleavage. Due to the rarity
of two contiguous off-target sites in the entire genome, this
method significantly reduces the off-target effect (Cho et al.
2018). Another method of improving the likelihood of on-
target binding is by Cas9 protein modification. It is for this rea-
son that other variants of Cas9 have been developed, such as
SpCas9-HF1 (high-fidelity SpCas9) (Kleinstiver et al. 2016),
eSpCas9 (enhanced-specificity SpCas9) (Slaymaker et al.
2016), and HypaCas9 (high-fidelity SpCas9 with improved
homing ability) (hyper-accurate SpCas9) (Chen et al. 2017).
The SpCas9-HF1 is designed to decrease off-target DNA con-
tacts without affecting on-target activity. The novel protein
rendered almost all off-target sequences undetectable when
sgRNA was targeted to non-repetitive target sequences. Much
less off-target activity was observed, even for repetitive tar-
get sites, when compared to wild-type SpCas9 (Kleinstiver
et al. 2016). This eSpCas9 variant was evaluated using an
independent whole-genome off-target assay, which revealed
an increase in selectivity as well as significant on-target activ-
ity (Slaymaker et al. 2016). HypaCas9 displays genome-wide
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specificity that is comparable to or even higher than that of
SpCas9-HF1 and eSpCas9 (Chen et al. 2017).

Tools available for designing sgRNA
and detection of off-target sites

Reduced Cas9 off-target effects and confirmation that the
chosen target site is located inside the gene’s coding region
depend on the identification of acceptable target sites.
There are various bioinformatics tools available that make
it easier to choose appropriate target locations and create
sgRNA in accordance, fully eliminating the need for the
aforementioned off-target effects reduction techniques. GC
content on the target site and restriction sites inside the
selected target are two additional indicators that can be
tracked. Some tools include CCTop (Stemmer et al. 2015),
Cas-OFFinder (Bae et al. 2014), Breaking-Cas (Oliveros
et al. 2016), ZiFiT (Sander et al. 2007), CRISPR Direct
(Naito et al. 2015), E-CRISP website (Heigwer et al. 2014),
CRISPRSeek (00), fly CRISPR Optimal Target Finder ( Zhu
et al. 2017), CHOPCHOP, CRISPR-Multitarget (Montague
et al. 2014), sgRNAcas9 (Prykhozhij et al. 2015), CRISPR-
P (Xie et al. 2014), SSFinder (Liu et al. 2017), and GT-Scan
(Upadhyay and Sharma 2014).

Germline-specific gene expression

Although both rice and Arabidopsis were employed in many
early CRISPR/Cas studies, rice was significantly more success-
ful at passing on mutations to succeeding generations than was
Arabidopsis. First transgenic rice generations bred in experi-
ments with CRISPR/Cas knocking out Pds retained the albino
phenotype (Shan et al. 2013). Most mutations in Arabidopsis
occurred in somatic cells, and while 1-bp deletions and chimeric
mutations were common, they required multiple generations of
breeding to produce homozygous mutants (Feng et al. 2014).

This is most likely connected to the fact that differ-
ent cell types have different capacity for DSB repair.
Researchers used cell or tissue-specific promoters,
including germline-specific gene expression, to enhance
the production of gRNA and Cas nuclease. The sample of
these promoters is shown in Table 2. One of the problems
with germline-specific promoters is that no expression
can be seen in vegetative tissues, making it impossible to
determine whether sgRNA is being produced correctly at
an early stage. If TO plants’ intended sites do not change,
T2 or later generations may be needed. Yet, in refrac-
tory species, equivalent promoters can enhance gene
editing frequency, and there is lot of space for technical
development.
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Challenges for efficient plant transformation

Despite its effectiveness, CRISPR/Cas has yet to be widely used in
crop enhancement and translational research (Agarwal et al. 2020;
Wang et al. 2020). One of the challenges that must be overcome is
the effective delivery of transformation vectors into the appropri-
ate host cells, as well as the subsequent successful regeneration
of plants. Plant transformation encompasses two distinct phases:
transitory transformation and permanent transformation. Edited
plants with heritable mutations are created through stable trans-
formation, from which it is possible to extract the nuclease-incor-
porated transgene to create plants without it. The two most com-
mon transformation techniques are Agrobacterium-mediated and
biolistic transformation, but they are ineffective for many crops
because of the following problems: (1) decreased proportions of
plants with stable transformations; (2) prolonged periods of tissue
culture (3) injury to tissues brought on by biomorphic metamor-
phosis; (4) the restriction of Agrobacterium-mediated transforma-
tion to a small number of genotypes in a species; (5) browning and
necrosis of tissues brought on by Agrobacterium; (6) induction
of somatic mutations; (7) challenges in using Agrobacterium to
transform monocot species; and (8) the requirement for Agro-
bacterium-mediated transformation to transfer little quantities of
DNA for effective HDR. Additionally, it is not always possible to
regenerate or transform cells, thus careful Tissue and cell culture
conditions must be optimized with appropriate growth regulators
(Altpeter et al. 2016). More effective, user-friendly, labor-saving,
and simplified transformation solutions are therefore needed. We
will look at some of the more potent transformation strategies in
the section that follows.

Future prospects

CRISPR/Cas genome editing has come to be seen as a game-
changer in recent years because of its enormous potential
to generate desired genome modifications and for a variety
of diagnostic applications. In recent years, CRISPR/Cas
genome editing has emerged as a game-changer due to its
enormous potential to produce desired genome modifications
and for a variety of diagnostic applications. CRISPR/Cas is a
powerful genome editing method, and its use has increased
as bioinformatics tools linked with it have advanced. It is
necessary to forget how difficult it is to educate the public
about the CRISPR/Cas mediated technology of crop modi-
fication because doing so is crucial to ensuring agriculture’s
long-term existence. This highlights the need for guidelines
that distinguish between gene-edited plants containing for-
eign DNA and those that do not, exempting the latter from
regulation and facilitating their easy application. Genome-
edited plants with mutations identical to those found in
natural variation will be released commercially with less
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restriction than transgene-free plants with unique mutations,
especially in nations with unfavorable regulations.
Effective genome editing methods seem to hold promise in
this regard. The distance between the lab and the field is con-
stantly widening as a result of the absence of clear regulatory
policies. As gene editing can result in unintentional altera-
tions to the genome, and since it can be difficult to tell the
difference between the effects of “conventional” alterations
and those of genome editing, more control of the technique is
unnecessary. Another viewpoint holds that in order to identify
the possible danger, the legislator should pay attention to the
distinctive features of the final product rather than the manu-
facturing process. As this technology is applied to the study
of human reproduction and genetics, it must take into account
appropriate risk assessment and management, regulation of
the gene drive issue, and necessary safety measures. Aside
from these difficulties, significant improvements to transfor-
mation procedures are required because they have been found
to be a barrier to effectively examining new developments and
are not yet optimized for different crop species.
CRISPR/Cas genome editing is currently exclusively
employed in highly specialized molecular genetics laborato-
ries that are primarily concerned with fundamental biologi-
cal challenges. On the other hand, crop breeders still have a
ways to go before adopting new technological developments
in crop development programs. Pay-per-use public and pri-
vate facilities that provide service for construct manufactur-
ing, transformation, and evaluation of genome-edited plants
will revolutionize the transfer of laboratory discoveries to
the field by supplying crop breeders with the most effective
genome editing tools. Understanding the gaps in knowledge
and the difficulties in adapting technology to new situations
will be facilitated by the data presented here, both of which
are essential to the effective implementation of genome edit-
ing techniques in agricultural research and development.

Conclusion

Genome-editing techniques can accurately alter any live organ-
ism’s genome. Insertions, deletions, and replacements of specific
DNA regions from the genome are possible. Scientific research
has always targeted these changes to human needs. A wide
range of prospects for plant breeding are made possible by the
development of genome editing technology in plants. Genome
editing’s effective, focused, and targeted mutagenesis has cre-
ated the groundwork for a number of next-generation breeding
techniques that will transform agriculture in the future. Genome
editing allows smart crop development. These fast and reliable
plant breeding techniques give outcomes comparable to tradi-
tional breeding. Most popular and effective are ZFNs, TALENS,
and CRISPR-Cas9. Discovering the CRISPR/Cas9 system, an
RNA-guided and simple technology, was a major step forward in

the field of genome editing. This technology is fascinating since
it is the simplest, cheapest, and most efficient way to alter genes
at the moment. Moreover, The recent addition of CRISPR-Cpf1,
a variant of the CRISPR-Cas system, has greatly broadened the
applicability of genome editing tools by resolving several of its
shortcomings. In order to assure the general use of genome edit-
ing in agriculture, it must be integrated with other technologies
such as high-throughput phenotyping, genomic selection, and
speed breeding. However, next-generation breeding based on
genome editing is not likely to totally replace traditional meth-
ods, though. This interdisciplinary approach will transform plant
breeding, allowing us to sustain a second Green Revolution and
meet the increasing food demands of a rapidly growing global
population in a changing environment.

Future direction and challenges

Several laboratories have been investing time and resources
on multiplex CRISPR/Cas genome editing in recent years,
and this technique has been successfully applied to editing
genes in a variety of organisms’ genomes. Several genes can
be edited at once, but there are risks involved, such as off-
target effects and the loss of vast stretches of DNA. Hence,
multiplex CRISPR/Cas genome editing is not a robust and
cutting-edge method, as it merely involves the addition of
one or more gRNAs to the constructs. More off-target effects
and the elimination of lengthy DNA segments will result in
more severe results. This means that therapeutic treatments
utilizing multiplex CRISPR/Cas genome editing and preci-
sion breeding are still in their infancy. It may take much
longer to pick and discover CRISPR/Cas mutations follow-
ing genome editing, even for gene function research. When
using multiplex CRISPR/Cas genome editing technology,
the targeted sites should not be placed on the same chromo-
some in order to limit any side effects. This will help lower
the frequency of deletions of lengthy DNA fragments.
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