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Abstract
Genome-editing technologies have revolutionized research in plant biology, with major implications for agriculture and 
worldwide food security, particularly in the face of challenges such as climate change and increasing human populations. 
Among these technologies, clustered regularly interspaced short palindromic repeats [CRISPR]–CRISPR-associated protein 
[Cas] systems are now widely used for editing crop plant genomes. In this review, we provide an overview of CRISPR–Cas 
technology and its most significant applications for improving crop sustainability. We also review current and potential 
technological advances that will aid in the future breeding of crops to enhance food security worldwide. Finally, we discuss 
the obstacles and challenges that must be overcome to realize the maximum potential of genome-editing technologies for 
future crop and food production.
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Introduction

Providing food and nutritional security requires adequate 
production of cereal, vegetable, and oilseed crops. However, 
current agricultural practices struggle to keep up with rising 
demand (Foley et al. 2011; Ray et al. 2013). Moreover, 
extreme weather events caused by climate change, such 
as droughts, floods, heat waves, and shifting precipitation 
patterns, pose significant threats to crop yields and overall 
agricultural productivity. In addition, the limited availability 
of arable land and increases in soil degradation, water 
scarcity, pathogens, and parasitic infestations related to 
climate change exacerbate these issues.

The acceleration of crop improvement programs through 
biotechnology and breeding has led to the discovery of 
crucial traits for the production of improved varieties that 
could ameliorate the negative consequences of population 

increase and climate change. These target traits include 
increased yield and tolerance of biotic and abiotic stress, 
with drought, heat, and salt tolerance being particularly 
important, along with broad, durable resistance to diverse 
pathogens. Additional target traits focus on agricultural 
inputs (nitrogen use efficiency and usage of other nutrients, 
water use efficiency, herbicide tolerance), photosynthetic 
efficiency, plant architecture, and on so-called output traits, 
such as lipid composition. Indeed, modern biotechnology 
allows researchers to manipulate key enzymes in specific 
metabolic pathways, which can be used to increase the 
levels of desirable nutrients such as vitamins and iron while 
decreasing the levels of unfavorable compounds such as 
phytic acid and acrylamide-forming amino acids. Although 
many modifications have shown promise in the lab, 
improving agronomic traits requires communication between 
breeders and molecular biologists to identify interventions 
that avoid tolerance–yield tradeoffs and produce changes 
that improve crop production under actual field conditions 
(Merritt Khaipho-Burch 2023).

Crop breeding and molecular biology methods have 
become increasingly intertwined, as conventional breeding 
gave way to molecular breeding, which eventually evolved, 
after the Green Revolution era, into genomics-assisted 
breeding. Advances in high-throughput genomics procedures 
at the whole-genome level, such as genetic association 
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mapping, map-based cloning, genomic selection, and 
speed breeding, have been effective in accelerating crop 
development. Similarly, genetic engineering tools such as 
gene cloning, overexpression, and knockout and knockdown 
have diversified into new techniques for increasing, or 
decreasing gene function, including RNA interference 
(RNAi) and virus-induced gene silencing (VIGS).

Here, we focus on gene and genome editing, which can 
be used to generate lines with improved agronomic and 
climate-resilient traits (Gao 2021). Specifically, we shed 
light on ongoing efforts to apply gene-editing techniques to 
crop improvement. We provide an overview of the strategies 
pursued thus far and discuss the constraints and prospects 
inherent in gene-editing technologies.

Plant genome‑editing technologies

A new era of genome engineering initiated by the 
development of genome-editing technologies is allowing 
the alteration and targeting of specific DNA sequences to 
modify plant genomes efficiently, accurately, and quickly 
(Jaganathan et al. 2018). Introducing mutations into a target 
DNA sequence usually involves three steps. The first step is 
the recognition of the target DNA sequence by an externally 
designed nuclease composed of a recognition module and 
a nuclease domain. In the second step, the nuclease binds 
to the target sequence and induces DNA double-strand 
breaks (DSBs) at or near the target location. The ability of 
the different genome-editing technologies to competently 
generate targeted DSBs enables a varied array of genetic 
outcomes (Osakabe and Osakabe 2015). In the third step, the 
DSB is repaired by endogenous nonhomologous end-joining 
(NHEJ) for error-prone genome repair or homology-directed 
repair (HDR) pathways for precise genome engineering 
(Altpeter et  al. 2016). Several major genome-editing 
technologies have been developed and we describe these in 
the following sections.

ZFNs and TALENs for plant genome editing

The first breakthroughs involved zinc-finger nucleases 
(ZFNs) and transcription activator-like effector nucleases 
(TALENs), which enable a range of genetic modifications 
(Fig. 1A) (Jaganathan et al. 2018; Mahfouz et al. 2011). 
ZFNs and TALENs each comprise a sequence-specific DNA-
binding module with a specific binding activity, along with 
a FokI nuclease domain with nonspecific cutting activities 
(Carroll 2011). The zinc finger proteins, which naturally 
occur in various organisms, were studied for their ability to 
bind to specific DNA sequences. Each Cys2His2 zinc finger 
domain recognizes three base pairs of DNA. Alteration 
of a small number of residues in or near an alpha-helix 

within this domain can lead to changes in its DNA-binding 
specificity (Laity et al. 2001). By arranging multiple zinc 
fingers together, researchers can create a protein that can 
recognize and bind to a specific DNA sequence of interest. 
ZFNs are created by fusing the FokI endonuclease with a 
zinc-finger protein that can bind DNA (Urnov et al. 2010).

TALENs are similar but structurally distinguishable from 
zinc-finger proteins because they contain highly variable 
amino acids at the 12th and 13th positions in their binding 
domain (Deng et al. 2012; Moscou and Bogdanove 2009). 
Transcription activator-like effectors (TALEs) are naturally 
occurring proteins found in certain plant pathogenic 
bacteria, particularly species of Xanthomonas (Romer 
et al. 2007). These bacteria use TALEs as part of their 
pathogenicity mechanism to manipulate gene expression 
within the host plant cells. TALEs have a unique ability 
to bind to specific DNA sequences (Moore et al. 2014). 
They achieve this specificity through a modular structure 
where each TALE protein contains multiple repeating units, 
generally contains 33–35 highly conserved amino acids. 
These repeats can differ in just two amino acids, called the 
repeat variable di-residue (RVD), which determines the 
binding specificity of each repeat to a single DNA base 
pair. When a TALE protein binds to DNA, each repeat unit 
recognizes and binds to one specific base pair in the target 
DNA sequence. By arranging these repeat units according 
to the sequence of interest, TALE proteins can bind to any 
desired DNA sequence with high precision. The TALEs 
are fused with FokI for targeted nuclease activity. TALENs 
function in pairs, where two TALEN proteins are designed to 
bind to opposite strands of the DNA at the desired location, 
allowing the attached nuclease domains to create a double-
strand break (DSB) in the DNA (Cermak et al. 2011; Joung 
and Sander 2013).

Activation of the FokI nuclease domain requires its 
dimerization, which is enabled at the target DNA sequence 
when two modules are created to target closely spaced 
DNA sequences. This dimerization requirement gives ZFNs 
and TALENs their specificity; however, designing active 
nucleases is both expensive and challenging. ZFNs, the 
first generation of gene-editing technology, were initially 
employed in animals (Kim and Kim 2014) and later in rice 
and other crop plants (Ainley et al. 2013; Jung et al. 2018). 
However, this approach lacks reproducibility and requires 
complex engineering to select a pair of ZFNs that work 
in vivo (Kim and Kim 2014). Its use in crops has therefore 
not been widely developed. TALENs, in contrast, are more 
precisely targeted, less cytotoxic, do not have a genomic 
loci effect, and may be assembled in a modular fashion 
(Briggs et al. 2012). TALENs have been successfully used 
in crops including wheat (Luo et al. 2019), maize (Liang 
et al. 2014), and rice (Li et al. 2016). However, the need for 
guanine nucleotides limits their binding sites, making them 
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unsuitable for repeated editing or use in heavily methylated 
regions (Cox et al. 2015). Therefore, the use of TALENs is 
also somewhat constrained.

CRISPR/Cas9 systems for plant genome editing

CRISPR/Cas (Clustered Regularly Interspaced Short 
Palindromic Repeats/CRISPR-associated proteins) is an 
adaptive immune system discovered in bacteria and archaea 
that helps protect them against invading viruses and 
plasmids (Barrangou et al. 2007). This system works through 
a sequence-specific manner to target and cleave the DNA or 
RNA of invading genetic material. The CRISPR/Cas system 
consists of two main components; the CRISPR array and 
Cas proteins (Deveau et al. 2010; van Beljouw et al. 2023; 
Westra et al. 2014). The CRISPR array is a region of the 
bacterial genome containing short, repetitive sequences 
interspaced with unique spacer sequences derived from 

the genetic material of previous invaders (such as viruses 
or plasmids) and serves as a memory of past infections. 
The Cas proteins are CRISPR-associated proteins and are 
involved in the recognition and cleavage of foreign genetic 
material. They function by using the information stored in 
the CRISPR array to identify and target specific sequences 
in the invading DNA or RNA. The process of CRISPR/Cas 
immunity involves several steps (Deveau et al. 2010; van 
Beljouw et al. 2023; Westra et al. 2014). When a bacterium 
encounters a new viral or plasmid DNA, a portion of it is 
integrated into the CRISPR array as a new spacer sequence 
termed as adaptation. Then transcription and processing 
of the CRISPR array to generate small CRISPR RNAs 
(crRNAs). Each crRNA contains a spacer sequence and 
is complementary to the sequence of a specific invading 
genetic element. Next in the interference, the crRNA guides 
the Cas proteins to the complementary sequence of the 
invading DNA or RNA. Finally, the Cas proteins bind to 

Fig. 1  The tools and workflow of plant genome editing. A Zinc Fin-
ger Nucleases (ZFNs) and Transcription Activator-Like Effector 
Nucleases (TALENs) as plant genome editing tools. B CRISPR/Cas9 

systems as genome editing tools; CRISPR/Cas9 mediated DSB can 
be repaired by error-prone NHEJ or precisely repaired via HDR. C 
The general workflow of plant genome editing
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the target sequence and initiate the cleavage or destruction 
of the foreign DNA or RNA, thus disabling the invader and 
preventing its replication.

The CRISPR/Cas9 system was developed as a genome-
editing tool in 2012 (Mali et  al. 2013) and is now the 
technology most widely used for that purpose. An RNA-
guided DNA endonuclease called Cas9 and a single guide 
RNA (sgRNA) are the two main parts of the CRISPR/Cas9 
system (Fig. 1B). The CRISPR-Cas9 system recognizes 
target DNA sequences through DNA–RNA interaction; the 
Cas9 protein must be guided to the target site by the sgRNA, 
which contains 20 nucleotides complementary to the target 
sequences. In this regard, the method is distinct from ZFN 
and TALEN genome editing, which recognize target DNA 
sequences through DNA–protein interaction (Fig. 1A). The 
CRISPR/Cas9 system requires only the construction of an 
sgRNA, which can be adapted for diverse genomic targets 
by the straightforward modification of complementary 
sequence (Jiang et  al. 2013; Shan et  al. 2013). Cas9 
cleaves the DNA strand after the sgRNA attaches to its 
complementary protospacer-adjacent motif (PAM) sequence, 
a brief nucleotide sequence found at the 3′ end of the target 
sequence near the cutting site. As described before, the 
CRISPR/Cas9-mediated targeted DSB can be repaired by 
either error-prone NHEJ or precise-mutation HDR. In the 
case of HDR, precise mutation can be introduced according 
to the DNA repair donors with homology arms. However, 
it’s still a major challenge to induce high-fidelity HDR with 
a low NHEJ background (Miyaoka et al. 2016).

Since its initial development, the CRISPR-Cas9 system 
has been further optimized to enhance its specificity 
and allow precise genome editing with minimal effects 
on the genome (Jaganathan et  al. 2018). Recruitment 
of Cas9 usually results in DSBs at the target site in the 
genome; however, unintended changes (off-target effects) 
are occasionally induced, which is one of the system’s 
two primary flaws. The other flaw is that its targeting 
is somewhat restricted due to its requirement for PAMs 
(Gohil et al. 2021). Thus, improvements to CRISPR/Cas9 
that decrease off-target effects and/or provide freedom from 
PAM restrictions can expand its applications. In particular, 
various techniques have been shown to significantly decrease 
off-target effects, including Cas9 modification, sgRNA 
modification, bioinformatics analysis, and delivery mode 
optimization (Zuo et al. 2020). Notably, off-target effects 
have not been observed in plant genomes and are not likely 
to pose a huge concern.

The workflow of plant genome editing

The procedure for plant gene editing consists of the 
following steps (Fig. 1C): (1) a design phase where the 
sequence of interest for gene editing is selected; (2) the 

gene editor is chosen and designed accordingly; (3) a 
build or construction phase where genome-editing vectors 
are optimized for expression in the target cells; (4) an 
application phase where the optimized components of 
the gene-editing system are delivered into the target plant 
cells; (5) gene editors are expressed and editing the plan 
genome; (6) genome-edited plants are regenerated; (7) the 
genotyped plants are phenotyped for the trait of interest in 
the greenhouse or in field conditions.

The delivery of genome engineering reagents is 
species-specific and varies among different plant species. 
Furthermore, regeneration is unique to each plant species 
and the vector expressing the genome editing reagents 
must be optimized for expression of the reagents in the 
target cell as well as the use of a proper selectable marker. 
Machinery for gene editing may be introduced directly 
into protoplasts, or directly into plant cells through 
bombardment with particles containing the appropriate 
vectors (using a biolistic apparatus, also known as a gene 
gun) or through infection with an Agrobacterium strain 
engineered to carry the genes of interest on the T-DNA 
element. Since the transformation and regeneration 
methods must be customized for each species and plant 
variety, which is laborious for most elite varieties and wild 
species (Altpeter et al. 2016), these processes continue to 
represent bottlenecks to gene editing in plants.

Agrobacterium-mediated transformation is currently the 
most effective method to deliver genome editing reagents 
in DNA form (Liang et al. 2017). When DNA is used, 
the reagents for genome editing (sgRNA and Cas enzyme) 
can be expressed transiently or from a transgene that is 
integrated into the genome as part of a transfer-DNA 
(T-DNA) construct (Zhang et al. 2016). In the standard 
method, selective antibiotics are applied during tissue 
culture to promote the growth of resistant calli expressing 
the T-DNA genes, and these calli are treated with different 
hormone regimens that induce them to regenerate into 
transgenic plants. Transgene-free mutant plants can be 
obtained by crossing transgenic genome-edited mutants to 
remove the integrated T-DNA from the mutant genomes.

Alternatively, reagents can be delivered as RNAs 
(sgRNA and mRNA encoding Cas) or ribonucleoprotein 
complexes (RNPs, comprising the Cas protein and 
in vitro–transcribed sgRNA). This avoids any potential 
integration of foreign DNA into the plant genome and 
therefore these methods are termed DNA-free (Ran et al. 
2017; Zhang et al. 2016) as the mutant plants will lack 
foreign DNA (Liang et al. 2017; Svitashev et al. 2016). 
Although, due to the absence of foreign DNA, DNA-free 
genome editing is preferred to the conventional DNA-
based method. However, DNA-free editing generally 
requires extensive screening to identify editing events due 
to the absence of selective markers.
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Expanding CRISPR genome‑editing 
platforms for genome manipulation

With the development of CRISPR/Cas systems, a broad 
range of new Cas effectors and variants has been harnessed 
for genome engineering in several plant species (Devi et al. 
2022; Sedeek et al. 2023; Zheng et al. 2020; Zhou et al. 
2020). The identification of new CRISPR/Cas systems has 
expanded the repertoire of Cas proteins that can target DNA 
and RNA, making them promising tools for altering plant 
genomes. Different Cas orthologues with various PAM 
specificities have been used to enlarge the editing scope of 
these tools. Various genome editors such as base editors and 
prime editors are designed for different applications of plant 
genome editing. In addition, CRISPR/Cas systems have 
also been explored for genome-scale editing and targeted 
chromosomal rearrangements. The expanding CRISPR/Cas-
based toolkits revolutionized the area of precision genome 
editing and enabled diverse genome manipulation for crop 
engineering.

Discovery of new Cas effectors and orthologues

To date, CRISPR/Cas systems can be classified into 
2 distinct classes, 6 different types, and  33 subtypes 
(Makarova et al. 2020). In Class I CRISPR/Cas systems, 
the effector module comprises multi-subunit effector 

complexes. In contrast, the effector module of Class 2 
CRISPR/Cas systems is characterized by singular, extensive 
multidomain protein effectors such as Cas9, Cas12, Cas13, 
and Cas14 (Fig. 2A). Besides CRISPR/Cas9 systems, other 
Class II Cas effectors have also been widely utilized across 
several domains due to their remarkable attributes, such as 
heightened sensitivity and exceptional specificity. Among 
these CRISPR/Cas systems, Cas3, Cas9, Cas12a, Cas12b, 
Cas12c, and Cas14 targets dsDNA while Cas10, Cas13a, 
Cas13b, Cas13c, and Cas13d targets ssRNA (Koonin et al. 
2017; Qian et al. 2022Xu and Li 2020). The Cas12a and 
Cas14a also cleave ssDNA (Qian et al. 2022; Wu et al. 
2021). The Cas12a and Cas13a also show Trans cleavage 
of ssDNA and ssRNA, respectively (Wu et al. 2021). The 
identification of new CRISPR–Cas systems has expanded 
the repertoire of Cas proteins that can target DNA and RNA, 
making them promising tools for altering plant genomes. In 
recent years, the CRISPR-CasΦ system, identified in large 
bacteriophages, has emerged as a new gene editing tool that 
can specifically target double-stranded DNA and induce 
staggered cleavage (Pausch et al. 2020). Notably, CasΦ 
proteins are relatively small, ranging from 700 to 800 amino 
acids (aa), in comparison to Cas9 (1,000 to 1,400 aa) and 
Cas12a (1,100 to 1,300 aa). Bacteriophages of considerable 
size that possess CasΦ systems have been identified in many 
environments, suggesting that there may be a wide range 
of optimal temperatures for CasΦ activity. CasΦ proteins 

Fig. 2  A The two classes of CRISPR/Cas system. B The sequence for structure-based homology search for new Cas orthologues
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are thus intriguing contenders as innovative tools in plant 
genome engineering (Li et al. 2023).

The effectiveness of Cas effectors is constrained by the 
specificity of PAM sequences. Many studies have been 
conducted to discover or engineer new Cas orthologues 
with better efficiency and differing PAM specificity. Several 
Cas9 orthologs with varying PAM preferences have been 
identified in different bacterial species by sequence and 
structure-based homology search (Fig. 2B). NmCas9 from 
Neisseria meningitidis (Muller et al. 2016), SaCas9 from 
Staphylococcus aureus (Ran et  al. 2015), StCas9 from 
Streptococcus thermophilus (Yang et al. 2023a, b), FnCas9 
from Francisella novicida (Hirano et al. 2016), and CjCas9 
from Campylobacter jejuni (Kim et al. 2017a, b) are among 
those discovered so far. The genes responsible for generating 
most of these proteins are smaller than SpCas9, which is 
advantageous for gene delivery by viral vectors. Using 
Cas9 orthologs for simultaneous targeting could facilitate 
the implementation of multiplex genome engineering, in 
which multiple genomic regions, each with distinct PAM 
sequences, are simultaneously targeted. This should enhance 
the versatility and effectiveness of the CRISPR/Cas system. 
Meanwhile, the SpCas9 protein is now being engineered to 
expand its compatibility with PAM sequences or improve 
its specificity toward PAM sequences while simultaneously 
minimizing off-target effects (Wada et al. 2020).

State‑of‑the‑art editors for genome modification

Generating precise genome modifications can be quite 
challenging, even with CRISPR/Cas systems, due to the 
low ratio of edits that occur via the HDR repair pathway 
compared with the NHEJ pathway.

To improve the efficiency of genome editing, various 
CRISPR-mediated genome editors have been developed. 
Rather than acting through a DSB, these editors have 
enzymatic activities that change the properties of nucleotides 
at the target site. To generate single-nucleotide changes, 
which are difficult for traditional CRISPR/Cas systems, base 
editors are a recently developed, highly accurate, genome-
editing technology that enables targeted, irreversible 
conversion of individual bases at desired locations 
(Fig. 3A) (Gaudelli et al. 2017). Following the introduction 
of a mutation in Cas9 (D10A), the resulting Cas9 nickase 
(nCas9) exhibited exclusive capability for single-strand 
cleavage. Base editor complexes are composed of sgRNA 
and an nCas9 protein linked to a deaminase domain that can 
convert specific base pairs (Rees and Liu 2018). Two distinct 
categories of base editors exist: cytosine base editors (CBEs) 
and adenine base editors (ABEs). The first class developed 
was the CBEs, which can convert C to U, thereby converting 
an uracil-guanine (U-G) base pair into a thymine-adenine 
(T-A) base pair during the processes of DNA repair and 

replication. Cytosine deaminase is responsible for modifying 
bases in CBEs, including uracil glycosylase inhibitors 
(UGIs) (Gaudelli et al. 2018). In the case of ABEs, Adenine 
is responsible for replacing the nucleotide base A with I, 
facilitating the conversion of I-T base pairs to C-G base pairs 
during the DNA repair and replication processes. Unlike 
with CBEs, the use of DNA glycosylase inhibitors is not 
necessary with ABEs. Notably, For both ABEs and CBEs, 
base editors can only function at a certain distance from 
the protospacer (editing windows) (Gaudelli et al. 2017). 
Compared to conventional gene-editing techniques, base 
editing is more precise with less indel background and is 
frequently used to modify individual bases within genes.

Base editors are widely utilized in various agricultural 
contexts, particularly for crop improvement. The most 
notable and promising application is the development of 
herbicide tolerance. For example editing specific bases of 
the gene encoding acetolactate synthase (ALS), a crucial 
enzyme in amino acid production, leads to tolerance of 
sulfonylurea and triazolone herbicides in plants (Durner 
et al. 1991). A Pro-to-Ser amino acid substitution created 
through CBE editing endowed plants with a tolerance to 
sulfonamide herbicides, which are used extensively in crop 
production. The same approach has been used to confer 
sulfonamide tolerance to crop plants including wheat 
(TaALS, P174S), watermelon (ClALS, P190S), tomato 
(SlALS1, P186S), and potato (StALS1, P186S). Notably, 
transgene-free plants were successfully generated for 
watermelon, tomato, and potato (Shimatani et al. 2017; 
Tian et al. 2018; Veillet et al. 2019). The introduction of the 
mutation AtALS S653N by CBE resulted in tolerance of 
imidazolinone herbicides. However, this achievement was 
significantly delayed primarily because the base mutation 
site was located outside the editing window, causing a 
notable decrease in editing efficiency. Imidazolinone-
tolerant plants have also been successfully developed in 
Arabidopsis (Dong et al. 2020a, b). Furthermore, herbicide 
tolerance has been introduced into rice by editing OsALS 
and introducing the C2186R mutation into Acetyl-coenzyme 
A carboxylase (OsACC ) utilizing the ABEs (Li et al. 2018a, 
b). Shimatani et al. 2017).

Another technique, prime editing, uses chimeric 
proteins consisting of a Cas9 nickase domain and an 
artificially modified reverse transcriptase domain, 
along with a pegRNA, which provides specificity for 
targeting and acts as a template for reverse transcriptase 
to incorporate edits into the genome (Fig. 3B) (Anzalone 
et al. 2019). After binding to the target site, the Cas9 
RuvC nuclease domain initiates a nick in the DNA strand 
containing PAM. The prime editor subsequently utilizes 
the recently liberated 3' end at the chosen DNA location 
to initiate reverse transcription, using the extension 
present in the pegRNA as a template. For successful 
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priming, the pegRNA extension must possess a primer-
binding sequence (PBS) capable of forming a primer-
template complex through hybridization with the 3' end 
of the nicked target DNA strand. Furthermore, pegRNAs 
are equipped with a reverse transcription template that 
guides the synthesis of the altered DNA strand at the 3′ 
end of the target DNA strand. The reverse transcription 
template comprises the intended alterations in the DNA 
sequence together with a segment with similarity to 
the specific location of interest, which aids in DNA 
repair (Anzalone et al. 2019). Therefore, prime editing 
enables the introduction of all 12 potential forms of 
point mutations, encompassing all six feasible base-pair 
conversions, as well as precise and targeted incorporation 
of tiny insertions and deletions. This method has a 

favorable editing-to-indel ratio, making it a promising 
advance. Thus far, prime editing has been applied to 
many crops, including rice, wheat, corn, and tomato 
(Butt et al. 2020; Jiang et al. 2020; Lin et al. 2020; Lu 
et  al. 2021). Nevertheless, the technique’s efficiency 
in plants is considerably lower than that observed in 
human cells. Consequently, several approaches have been 
implemented to enhance its efficiency. Jiang et al. (Jiang 
et al. 2020) and Lin et al. (Lin et al. 2020) tested several 
modifications to the elements of prime editing machinery, 
such as optimizing the length of the pegRNA, modifying 
the designed reverse transcriptase, and improving the 
pegRNA promoter. Lin et  al. (Lin et  al. 2021) also 
employed distinct pegRNA sequences in the template and 
antisense strand. These approaches substantially enhanced 

Fig. 3  The expanding CRISPR/Cas system-based toolkits. A Base 
editing technology by fusing nCas9 (D10A) with adenosine deami-
nase or cytidine deaminase for targeted point mutation. B Prime edit-
ing technology by fusing nCas9 (H840A) with reverse transcriptase 
and pegRNA for precise genome editing without a double-strand 

DNA break. C Using CRISPR/Cas9 system with sgRNA library for 
genome-wide mutations. D CRISPR/Cas9 system can induce chromo-
some rearrangement by targeted double-strand breaks
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the efficiency of prime editing in plants. Anzalone et al. 
(Anzalone et al. 2022) showed that pairs of pegRNAs 
could accurately remove a segment of 710 bp or replace 
a sequence of 108 bp. The full potential of prime editing 
has yet to be thoroughly realized.

CRISPR‑Cas‑mediated genome‑scale engineering

Traditional methods for random mutagenesis have 
provided substantial insight into gene function. However, 
genetic redundancy has prevented researchers from 
addressing gene function for complex, multi-gene families. 
Now, genome-scale engineering allows the simultaneous 
generation of many targeted mutations genome-wide. 
For example, Multi-Knock uses the CRISPR toolbox to 
address functional redundancy in Arabidopsis by targeting 
multiple gene family members simultaneously (Fig. 3C) 
(Hu et al. 2023; Zhang et al. 2021). Multi-Knock enables 
the identification of genetically concealed components 
within the plant’s genome. A total of 59,129 sgRNAs 
were computationally generated, with the objective of 
simultaneously targeting 2 to 10 genes within a given 
family (Hu et  al. 2023). Among them, 5,635 sgRNAs 
were used to target the plant transportome. This 
approach generated more than 3,500 distinct Arabidopsis 
lines, which proved crucial in the identification and 
characterization of the first cytokinin tonoplast-localized 
transporters. The approach enables scientists and breeders 
to effectively address functional redundancy in plants at 
the genome level to accelerate breeding efforts.

In a more recent study, He et al. successfully showcased 
the viability of employing a pooled CRISPR library for 
genome-scale targeted editing in Brassica napus, an 
allotetraploid crop (He et al. 2023). A comprehensive set of 
18,414 sgRNAs was developed with the purpose of targeting 
10,480 specific genes of interest. Subsequently, a total of 
1,104 regenerated transgenic plants were successfully 
grown, which included 1,088 distinct sgRNAs. Analysis of 
the resulting data indicated that out of 178 genes examined, 
93 carried mutations. This finding suggests an editing 
effectiveness of 52.2%. Notably, it has been observed that 
Cas9-mediated DNA cleavages tend to occur at all target 
sites directed by a single sgRNA in polyploid plants. 
The authors also demonstrated the robustness of reverse 
genetics screening in identifying diverse features using post-
genotyped plants, discovering several genes that influence 
the plant’s fatty acid profile and seed oil content, effects that 
had not been previously documented. These findings offer 
significant contributions to the fields of functional genomics 
and elite crop breeding and demonstrate that the pooled 
CRISPR library approach is an excellent tool for genome-
scale targeted mutagenesis in plants.

CRISPR‑Cas‑mediated chromosome engineering

The presence of genetic linkage makes it difficult to transfer 
desirable traits from wild species to a crop cultivar. Meiotic 
recombination can address this issue by crossovers between 
parental homologous chromosomes (Lambing et al. 2017). 
However, due to the inherent limitations of, and lack of 
control over, the rate and distribution of natural crossovers, 
significant portions of the chromosomes are excluded 
from participating in genetic exchange. Therefore, the 
targeted chromosome rearrangement induced by CRISPR/
Cas systems have the potential to boost the meiotic 
rearrangement for crop breeding (Ronspies et al. 2021).

The adaptability of genome-editing tools to manipulate 
meiotic recombination was initially demonstrated by 
recruiting the CRISPR/Cas system with SPO11 (a natural 
inducer of meiotic DSBs) in yeast (Sarno et  al. 2017). 
By directing the SPO11 fusions toward regions with 
inherently low levels of DSB induction during meiosis, a 
noticeable occurrence of SPO11-mediated DSB creation 
and a substantial rise in crossover frequency were observed. 
In recent studies, megabase pair (Mbp) chromosome 
rearrangement has also been achieved in Arabidopsis 
thaliana (Schmidt et al. 2020). By the egg-cell-specific 
expression of the Cas9 nuclease, a targeted reversal of 
the 1.1 Mb long hk4S-inversion can be achieved. meiotic 
crossovers can be restored because of genetic linkage 
breakage. Following this strategy, CRISPR/Cas system-
mediated Mbp inversion was recently achieved in crops. 
Chris et al. applied CRISPR/Cas9 technology for targeted 
75.5-Mb pericentric inversion in maize (Schwartz et al. 
2020). These studies unlock a large chromosomal region 
for recombination. Reciprocal translocations in plants were 
recently achieved by CRISPR-Cas9 mediated induction of 
DSBs (Beying et al. 2020). Beying et al. induced heritable 1 
MPb level translocations with up to 2.5% in the wild-type 
Arabidopsis thaliana, and up to 3.75% in NHEJ mutant 
ku70 Arabidopsis thaliana (Fig. 3D). The development of 
chromosome engineering tools would allow us to release the 
potential of chromosomal rearrangements for plant breeding, 
reconstruct chromosome sets of the ancestors of current 
plant species, and even create new plant species.

Harnessing gene editing for crop breeding

Harnessing valuable genetic divergence and eliminating 
maladapted genetic elements are central challenges in 
crop breeding (Rao et al. 2021). In plant biotechnology, 
researchers have successfully introduced specific genes of 
interest into various crop lines through different kinds of 
modifications such as loss of function, gain of function, 
altered expression, and protein truncation. These genetic 
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manipulations have successfully led to novel crop varieties 
that exhibit desirable traits across diverse plant species 
(Zhang et  al. 2018a, 2018b). Gene-editing technology 
presents a promising avenue for efficiently transforming 
unfavorable variations  into favorable ones (Fig.  4). In 
this section, we aim to illuminate the diverse applications 
of gene editing in crop breeding, specifically focusing on 
the enhancement of essential agronomic traits including 
heightened productivity and nutrients, increased abiotic 
and biotic resistance, and the novel pursuit of de novo 
domestication.

Improving crop productivity via gene editing

To resolve global food security, researchers have dedicated 
efforts to enhance crop productivity and nutrients. 
Nevertheless, traits influencing crop productivity are 
intricate and often involve the interplay of multiple genes. 
These traits encompass various factors like grain yield and 
plant architecture.

The intricate regulation of grain yield is orchestrated by 
quantitative trait loci (QTLs), which typically exert influence 
over several characteristics, including thousand-grain 
weight (encompassing grain size), the count of grains per 
panicle, the number of florets per panicle, and the number 
of panicles per plant. To date, 19 QTLs modulating grain 
size in rice have been successfully cloned and described. 
For instance, CRISPR-based knockdown of OsGS3 and 
OsGL3.1 in rice resulted in the enhancement of grain size 
and, thus, the thousand-grain weight and the overall yield 
per plant (Usman et al. 2021). Applying multiplex gene-
editing techniques targeting three specific genes (OsGS3, 
OsGW2, and OsGn1a) enhanced grain production in edited 
rice lines compared to their wild-type counterparts. Wang 
et al. successfully induced a significant increase in seed size 
and grain weight by introducing heritable mutations into 
the TaGW2, TaLpx-1, and TaMLO genes within hexaploid 
wheat (Wang et  al. 2018). The architecture of the crop 
panicle plays a crucial role in determining the number of 
grains per panicle and, consequently, influences overall 
grain yield. Numerous genes responsible for the regulation 

Fig. 4  The promising application of gene editing tools for crop breeding
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of panicle have been identified over the past few decades (Li 
et al. 2021). By mutating DENSE AND ERECT PANICLE1 
(DEP1) by the CRISPR/Cas9 system, Huang et al. created 
mutant alleles that resulted in yields surpassing those 
conferred by other naturally occurring high-yield alleles in 
rice (Huang et al. 2009).

Plant architecture encompasses the structural arrangement 
of plant organs such as stem height, branching pattern, leaf 
shape, inflorescence distribution, and root structure which 
affects crop yields through both genetic and environmental 
factors (Huang et al. 2021). Rice plants with reduced height 
have also been successfully produced (Wan, et al. 2022). 
In another study, deploying CRISPR/Cas9 technology to 
specifically disrupt the gene CAROTENOID CLEAVAGE 
DIOXYGENASE 7 (CCD7) resulted in a noteworthy 
enhancement of tillering, accompanied by a decrease in 
plant height (Butt et al. 2018; Ren et al. 2020). Plant height 
is also crucial due to their allocation for biomass and node 
spacing (leaves, branches, reproductive organs). CRISPR/
Cas9 was employed to generate loss-of-function alleles of 
GA20ox2 in rice, replicating the sd1 mutation's effects, 
resulting in reduced stature (22.2%) and increased yield 
(6%) without impacting other agronomic traits (Han et al. 
2019). A double rice mutant was created by simultaneously 
editing the MIR396 gene family, MIR396e and MIR396f, 
two important regulators of grain size and plant architecture. 
This mutant exhibited enhanced grain yield and flag leaf 
area, which was attributable to an elevated concentration of 
mevalonic acid, a precursor to the plant hormone gibberellin 
(Miao et al. 2020). Additionally, CRISPR-based editing 
of the gene OsLOGL5, encoding a cytokinin-activation 
enzyme, resulted in a suppressive effect on root growth and 
tiller number and overall growth enhancement (Wang et al. 
2020). Besides, the phenomenon of pod cracking in grain 
crops presents substantial risks to crop productivity. In a 
recent study, the gene qSH1 was subjected to CRISPR-Cas9-
mediated mutagenesis to develop rice lines with enhanced 
resistance to shattering (Sheng et al. 2020).

Enhancing nutrient quality via gene editing

CRISPR/Cas genome editing technique has been extensively 
explored for the nutritional enhancement of crops. As the 
major corn storage proteins, Zeins, are deficient in lysine and 
tryptophan (essential amino acids), contribute to insufficient 
nutritional quality. To overcome this issue, CRISPR/Cas9 
system was employed to target the 19 kDa alpha zein gene 
family, facilitating proteome rebalancing without a complete 
knockout of alpha-zein, leading to an increase of up to 30% 
in the lysine content (Hurst et al. 2023). Gluten, the storage 
protein of wheat, can cause celiac and non-celiac disease 
and gluten ataxia. Through α-gliadin genes knockout by 
CRISPR/Cas9 system, mutated wheat was found to have 

low gluten content and reduced immunoreactivity (Sánchez-
León et al. 2018). In oilseed crops, the CRISPR/Cas12a 
(formerly known as Cpf1) has been employed in soybeans 
to manipulate the FAD2-1B and FAD2-1A genes to improve 
oil composition by developing soybean plants bearing seeds 
with increased oleic acid levels, enhancing oil yield (Kim 
et al. 2017a, 2017b).

In addition to the knockout strategy, knock-in approaches 
have also been utilized for nutrient enhancement. For 
instance, the Golden rice cultivar Kitaake has been 
developed by Knock-in, a 5.2-kb carotenogenesis cassette 
consisting of CrtI and maize PSY genes. The variety contains 
7.9 μg/g dry weight (DW) β-carotene in the endosperm 
(Dong et al. 2020a, 2020b). Introducing the cauliflower 
mosaic virus 35S promoter upstream of the anthocyanin 
mutant 1 gene (ANT1, a Myb transcription factor) in the 
tomato genome through knockin techniques yielded purple 
tomatoes characterized by elevated anthocyanin content (Ku 
and Ha 2020).

Improving abiotic resistance via gene editing

CRISPR technology has been extensively employed to 
convey tolerance of various stresses to numerous crops, 
including wheat, rice, maize cotton, soybean, tomato, and 
potato. CRISPR has revolutionized plant breeding efforts, 
enabling the development of adaptive climate-tolerant 
crops. CRISPR/Cas9 was used to target the eukaryotic 
translational initiation factor eIF4E gene, an essential 
component in the translation mechanism, in winter barley, 
melon, and hexaploid wheat (Hoffie et al. 2021; Kan et al. 
2023; Pechar et al. 2022). The resulting deletion conveys 
resistance to Bymovirus Resistance in Winter Barley, 
Moroccan watermelon mosaic virus in melon, and yellow 
mosaic virus in wheat (Hoffie et al. 2021; Kan et al. 2023; 
Pechar et al. 2022).

Elevated salt concentrations in the soil substantially 
undercut crop production. The mechanism behind salt 
tolerance was elucidated using CRISPR/Cas9 technology 
through disruption of the target genes. ABA-induced 
transcription repressors (AITRs) are a novel family of 
transcription factors and key regulators of ABA signaling. 
In soybean, the gmaitr double and quintuple mutants showed 
tolerance to salt stress at germination and seedling stages 
(Wang et al. 2021). PARAQUAT TOLERANCE 3 (PQT3) 
is an E3 ubiquitin ligase and loss-of-function mutants 
generated via CRISPR/Cas9 system showed enhanced 
tolerance to oxidative and salt stress under control as well 
as field conditions (Alfatih et al. 2020).

CRISPR-Cas9 advanced breeding facilitated the 
development of a novel variation of Auxin-Regulated Gene 
Involved in Organ Size 8 (ARGOS8) in maize that enhances 
grain yield under drought conditions compared to wild-type. 
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This study supports the status of the CRISPR/Cas9 system 
as a precise and effective method for creating novel allelic 
variants in crops, with the specific aim of enhancing drought 
tolerance in plants (Shi et al. 2017).

In addition, the CRISPR/Cas9 technology was utilized 
to disrupt the expression of Robust Root System 1 (RRS1) 
in rice. The loss-of-function mutant of RRS1 enhances 
drought tolerance by improving water use efficiency and 
promoting water absorption (Gao et al. 2023). Molecules 
such as mitogen-activated protein kinases play crucial roles 
in tomato by protecting membrane cells from oxidation 
and regulating transcription genes to mitigate the effects of 
drought stress. Wang et al. (Wang et al. 2017) documented 
the regulation of drought tolerance through the gene 
Mitogen-Activated Protein Kinase 3 (SlMAPK3) in tomato, 
employing CRISPR/Cas9 technology to generate knockout 
mutants of SlMAPK3 to investigate its response to drought 
stress. Global warming generates heat stress that affects 
plant growth and development and ultimately affects crop 
yield. CRISPR/Cas9-mediated gene editing of Agamous-
Like 6 (SlAGL6, belongs to MADS‐box gene family) 
decreased the sensitivity of tomatoes to heat stress (Klap 
et al. 2017). Similarly, Thermo-tolerance 3 (TT3) comprises 
two genes, TT3.1 and TT3.2, that regulate thermotolerance in 
rice. The tt3.2 mutant allele generated through the CRISPR/
Cas9 system is tolerant to heat stress (Zhang et al. 2022).

Improving biotic resistance via gene editing

Biotic stress in crops, such as pathogens and weeds, refers 
to the adverse impact of living organisms on plant health 
and productivity. In recent years, the utilization of CRISPR-
Cas technology has been associated with substantial 
improvements in plant traits by modifying gene regulation 
to enhance various biotic resistance traits (Ghosh and Dey 
2022; Maharajan et al. 2022).

Pathogens, such as viruses, bacteria, and fungi, are 
obligate parasites with a significant capacity to infect 
plants, resulting in a substantial decline in crop productivity 
ratios. Through CRISPR/Cas systems, pathogen resistance 
can be achieved by knocking out the pathogenicity-related 
genes. By targeting nCBP-1 gene and nCBP-2 gene which 
helps viral replication in Manihot esculenta, Gomez 
et al. successfully generated Cassava brown streak virus 
(CBSV) resistant lines (Gomez et  al 2019). Similarly, 
Chandrasekaran et al. developed multiple viral-resistant 
cucumbers by knocking out the eIF4E gene that helps 
viral replication (Chandrasekaran et al. 2016). Oliva et al 
edited sucrose transporter genes (SWEET11, SWEET13 and 
SWEET14) of rice, leading a broad-spectrum resistance 
to Xanthomonas oryzae pv. Oryzae (Oliva et al. 2019). 
The mildew resistance locus O (MLO) is a recognized 
component of the plant defense system acting as a host S 

gene. The mutated homo-alleles of MLO in wheat plants—
specifically, TaMLO-A1, TaMLO-B1, and TaMLO-D1, 
exhibited resistance to Blumeria graminis f. sp. tritici, the 
causal agent of powdery mildew disease (Wang et al. 2014). 
Other than editing host-susceptible genes, the CRISPR/
Cas system can be harnessed to directly target pathogen 
sequences for resistance. By inactivating the targeted 
virus sequence, transgenic banana lines exhibited achieved 
resistance to endogenous banana streak virus (eBSV) (Tyagi 
et al. 2021).

Weeds represent another significant biotic stress for 
plants due to the substantial damage, particularly the 
competition for space, sunlight, water, and fertilizers. By 
editing the LsGGP2 gene, paraquat-resistant lettuce with 
high ascorbic acid was developed against oxidative stress 
as an herbicide-resistant crop (Zhang et al. 2018a, 2018b). 
Similarly, herbicide resistance can be achieved by point 
mutations in the 548th and 627th amino acid positions of the 
acetolactate synthetase (ALS) gene in rice (Sun et al. 2016). 
The mutagenesis of the tomato plant's CCD8 gene using 
CRISPR/Cas9 resulted in the creation of a crop resistant to 
the Phelipanche aegyptiaca weed (Bari et al. 2019).

De novo domestication via gene editing

In sustainable agriculture, introducing new crops, such as 
formerly marginal or ‘orphan’ species that are well-adapted 
to marginal lands and serve as sources of nutrition can 
complement strategies to improve current crops. All of 
today’s key crops are descended from wild ancestors and 
have undergone long domestication processes of enrichment 
for productivity-improving traits, including optimal plant 
architecture, high yield capacity, and easy harvestability. 
However, this long evolutionary process eventually leads to 
genetic bottlenecks, which narrow the genetic diversity of 
species and diminish the plants’ tolerance to different abiotic 
and biotic stresses.

More recently, the strategy of crossing desirable traits 
from wild relatives into domesticated crops to enhance them 
has been adopted. However, crossing and backcrossing can 
only be used to fix monogenic traits, whereas many desirable 
characteristics in wild species, such as tolerance of abiotic 
stresses, are polygenic and thus difficult to fix through 
segregation. A proposed alternative breeding technique, the 
neo-domestication of wild species through genome editing, 
might circumvent this difficulty (Chen et al. 2021). Also 
known as de novo domestication, neo-domestication is the 
conversion of crop wild relatives, or any other potentially 
economically important wild plants, into sustainable 
commodity plants. As a proof of concept, the wild tomato 
species known as currant tomato (Solanum pimpinellifolium) 
was partially domesticated through multiplex editing of 
crucial domestication genes while retaining the stress 
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resilience of the wild accessions (Li et al. 2018a, 2018b; 
Zsogon et al. 2018).

The domestication of wild ancestors of major cereal 
crops such as rice is another interesting target. The wild 
rice Oryza alta, whose useful traits include high biomass 
and resistance/tolerance to different biotic and abiotic 
stressors, was de novo domesticated as a potential future 
crop species. CRISPR gene editing was then used to select 
and produce mutant lines of O. alta with desired commercial 
characteristics. Research to date has paved the way for the 
de novo domestication of many other wild plant species (Yu 
et al. 2021).

De novo domestication also promises to boost orphan 
crops’ productivity and nutrient levels to meet specific 
regional demands. Orphan crops are wild plants that produce 
substantially lower yields than domesticated varieties but 
better tolerate environmental challenges and, in many 
cases, can be planted on marginal terrain (Chen et al. 2021). 
Accelerated domestication was successfully demonstrated 
for the orphan crop ground cherry (Physalis pruinosa), a 
close relative of tomato (Solanum lycopersicum) (Lemmon 
et  al. 2018). Other orphan crops that may be suitable 
starting materials for neo-domestication include various 
“heirloom” Poaceae species, such as millet (Setaria viridis), 
fonio (Digitaria spp.), finger millet (Eleusine coracana L. 
Gartn.), triticale (x Triticosecale Wittmack), spelt (Triticum 
spelta L.), rye (Secale cereale L.), teff (Eragrostis tef), 
quinoa (Chenopodium quinoa), cassava (Manihot esculenta 
Crantz), and cowpea (Vigna unguiculata). Iterative editing, 
conventional breeding, and other techniques will be 
needed to establish completely domesticated versions of 
orphan crops (Van Tassel et al. 2020).

Challenges and prospects for the future

Enhancing the efficiency and precision 
of genome‑editing technologies

Despite recent advances in plant genome engineering 
technologies, it remains challenging to achieve all necessary 
modifications inside a genome. More precise genome-
editing techniques are needed to facilitate crop improvement, 
specifically through targeted base substitutions, gene 
insertions/deletions, and gene substitutions. HDR-mediated 
genome editing can potentially modify any genome and 
accurately generate a desired alteration. Several approaches 
have been used to enhance the efficiency of HDR in plant 
cells. These include the utilization of geminivirus constructs 
(Baltes et al. 2014), the implementation of a plant gene-
targeting system (Fauser et  al. 2012), the use of RNA-
templates for DNA repair (Butt et al. 2017), the use of 
chemical modifications to stabilize donor templates (Lu 

et al. 2020), the positioning of the donor DNA template 
in close proximity to the DSBs (Ali et  al. 2020), the 
manipulation of DNA repair pathways (Christian et al 2013), 
the exploitation of specific cell cycle phases and cell types 
(Wolter et al. 2018), and the use of different single-strand 
nucleases (Merker et al. 2020). Indeed, the fact that so many 
varied approaches have been tested points to the fact that the 
efficiency of HDR-mediated genome editing in somatic plant 
cells remains notably low (Steinert et al. 2016).

To address these constraints, the recently devised 
DNA base-editing systems offer effective, straightforward 
approaches to convert a certain DNA base into another 
base at a specific genomic site. Importantly, however, 
these methods are presently restricted to substitutions 
involving C-G to T-A and A-T to G-C (Chen et al. 2019). 
Hence, it is imperative to develop alternative base-editing 
methodologies, such as the C-G to G-C conversion (Kurt 
et al. 2021), by engineering deaminases, modifying the 
DNA repair pathway, and/or employing protein engineering 
techniques. In addition, prime editing has emerged as a 
potential alternative method for generating base substitutes. 
However, existing implementations of prime editing 
demonstrate rather poor editing efficiency. Given the 
multitude of parameters influencing the efficacy of a prime 
editor, including the activity of the reverse transcriptase, 
the length of the PBS in the pegRNA, and the template for 
reverse transcription, additional techniques are needed to 
enhance prime editor activity in plant cells. While prime 
editing is limited in its ability to generate large gene 
insertions, a recent breakthrough in the form of CRISPR-
associated transposases has demonstrated high efficiency 
in integrating DNA into bacterial genomes (Klompe et al. 
2019; Strecker et al. 2019). This discovery holds promise 
for the potential future application of large DNA insertion 
into plant genomes.

Enhancing the specificity of genome‑editing 
technologies

Off-target consequences are a primary concern in genome 
editing. CRISPR technologies give rise to two distinct 
categories of off-target edits: sgRNA-dependent and sgRNA-
independent off-target edits. Off-target events dependent on 
sgRNAs are caused by the editing of off-target locations 
that have nucleotide mismatches with the on-target sgRNA 
sequence. Several CBEs have been found to cause off-target 
mutations throughout the genome in rice, independent of 
sgRNA (Jin et al. 2019). These changes are initiated by 
the cytidine deaminase activity in ssDNA regions across 
the genome. In contrast to standard mutation breeding 
methods that introduce numerous unwanted mutations into 
the plant genome, plant genome-editing techniques exhibit 
high specificity. Furthermore, backcrossing can effectively 
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mitigate the occurrence of limited off-target mutation events. 
CRISPR–Cas specificity can be enhanced through various 
methods, as exemplified in studies conducted on wheat 
and maize (Liang et al. 2017; Svitashev et al. 2016). These 
include the transient expression of editing reagents, the use 
of guide RNAs that are deliberately designed (Zhang et al. 
2019), and the use of engineered, precise variants of Cas9, 
Cas12a, and deaminases (Jin et al. 2020). Nevertheless, 
additional investigation is required to tackle the tendency for 
unintended modifications to occur and to refine techniques 
for discovering off-target genetic changes throughout 
the plant genomes. Furthermore, it is crucial to identify 
enhanced or novel editing tools with greater specificity. As 
the technology progresses, concerns regarding the off-target 
impacts of plant genome editing should be mitigated.

Delivering genome editing reagents into plants

The current toolbox of CRISPR reagents enables the 
manipulation of genes through mechanisms including gene 
knockouts, gene insertion, base editing, and multiplexing. 
Even so, the biggest challenge in plant genome editing is 
the successful delivery of the reagents into the plant cells. 
Plants have a larger, more complex genome architecture than 
other organisms, which is mostly attributed to the common 
incidence of polyploidy along with additional genome 
rearrangements. Moreover, the hard cell walls surrounding 
plant cells are obstacles to the penetration of external 
macromolecules. Genetic transformation for the delivery of 
gene-editing reagents has been successfully achieved in only 
a restricted range of plant species.

There are three primary techniques employed for the 
genetic transformation of plants: agrobacterium-mediated 
transformation, biolistic transformation, and PEG-mediated 
transformation. Agrobacterium, however, infects only 
a limited range of hosts, and some species are resistant 
to Agrobacterium-mediated transformation. Particle 
bombardment has demonstrated superior efficacy over 
Agrobacterium transformation in co-delivering cargo for 
simultaneous editing (Kuang et al. 2020). Nevertheless, the 
complicated segregation patterns of DNAs integrated into 
plant genomes through bombardment may pose challenges to 
the subsequent utilization of genetically edited plants. Using 
Agrobacterium and biolistic transformation techniques for 
manipulation of pollen overcomes the need for regeneration; 
however, it can reduce pollen viability (Liang et al. 2017). 
Although advances in pollen magnetofection help address 
these limitations, this technique remains limited to dicots 
(Vejlupkova et  al. 2020). Nanoparticles are another 
promising vehicle for delivering plant genome-editing tools 
(Demirer et al. 2021), but additional technical advances are 
necessary to effectively support nanoparticle-based gene 
editing in plants.

Except in Arabidopsis and closely related species that 
can undergo floral dip transformation, the transformation of 
most crops must be followed by tissue culture to regenerate 
viable plants from somatic cells. This poses a significant 
impediment in numerous agricultural crops because the 
process is laborious and most of the species are recalcitrant 
to callus induction and regeneration. The promotion of 
cellular proliferation often depends on the use of a growth 
medium supplemented with hormones. The hormones 
induce cell division and maintain the resulting callus at 
a comparable cell concentration to meristematic cells. 
However, the concentrations needed differ among species 
and must be individually tuned. One significant advance has 
been the enhancement of tissue culture efficiency through 
the overexpression of growth factors: IPT in dicots (Qin 
et al. 2011) and Wus2 in monocots (Lowe et al. 2016). 
Overexpressing two developmental regulators, WUSCHEL 
(WUS) and BABY BOOM (BBM), improves regeneration 
frequencies in various transformation-recalcitrant genotypes 
and species (Lowe et al. 2016). GROWTH-REGULATING 
FACTORs (GRFs), GRF-INTERACTING FACTORs 
(GIFs), and GRF-GIF chimeras have also been used to 
improve the regeneration efficiency of various monocot 
and dicot plants (Debernardi et al. 2020). In contrast to 
WUS and BBM, GRFs, GIFs, and GRF-GIF chimeras 
have no apparent side effects when they are constitutively 
expressed. The GRF4-GIF1 are fused with CRISPR/
Cas9 to produce edited plants with higher regeneration 
efficiency (Debernardi et  al. 2020). Recently a GGB 
transformation system was established with sevenfold 
higher transformation efficiency in maize (Chen et al. 2022). 
In the GGB transformation system, the BABY BOOM 
transcriptional regulator (ZmBBM/EREB53) and the wheat 
GRF4-GIF1 (GROWTH REGULATING FACTOR4-GRF-
INTERACTING FACTOR1) are combined to boost the 
regeneration efficiency without any side effects on plant 
development. The developments for efficient transformation 
and regeneration will promote the delivery of gene editing 
reagents in plants.

Tissue culture‑free gene editing in plants

The primary obstacle to fully harnessing the potential of gene 
editing in plants is the dependence on tissue culture–based 
genetic transformations. Recent progress with delivery 
mechanisms, such as de novo meristem induction and the 
use of viral vectors to bypass tissue culture, is dependent 
on the use of Agrobacterium for delivery. However, these 
developments have been demonstrated solely in dicots and 
still need to be extended to monocots.

A more recent strategy to circumvent the need for tissue 
culture involves the application of an RNA virus vector 
derived from Nicotiana tabacum rattle virus (Ellison et al. 
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2021). The virus was genetically modified to generate an 
sgRNA that was linked to the mRNA of FT, which encodes 
a flowering factor that can undergo intercellular and long-
distance movement through the phloem and even traverse 
grafting junctions across different species. Nicotiana 
tabacum harboring the Cas9 gene were employed as 
transgenic lines for the purpose of virus infection. The 
researchers successfully achieved gene editing in the 
infected leaves and observed elevated editing rates in the 
upper regions of the plants compared to the initial infection 
site. In principle, the application of RNA virus-mediated 
distribution of the sgRNA might also be extended to include 
base-editing and prime-editing techniques.

Ma et  al. (Ma et  al. 2020) proposed an alternative 
approach to achieve DNA-free editing of somatic plant cells 
by utilizing sonchus yellow net rhabdovirus (SYNV), which 
has a large cargo capacity as a vector for the expression 
of the Cas9 nuclease and sgRNA. The utilization of RNA 
viruses in crop applications requires them to accommodate 
many kilobases of surplus genetic material. However, 
this rhabdovirus has a limited host range. Regrettably, the 
majority of RNA viruses lack the capacity to accommodate 
enough additional genetic material for encoding a protein 
as large as Cas9. However, a recent study showed that 
smaller CRISPR/Cas nucleases, such as CasΦ, can be used 
for editing purposes (Pausch et al. 2020). In addition, the 
use of smaller Cas9 effectors could effectively mitigate the 
limited cargo capacity of certain viral vectors. This suggests 
that RNA viruses in crop applications may hold significant 
potential for future applications.

A tissue culture-independent strategy was applied 
to produce gene-edited plants via induction of de novo 
meristems (Maher et al. 2020). According to Maher et al. 
(2020), it is possible to regenerate genome-altered shoots 
from soil-grown tobacco without the need for a tissue-
culture stage. The utilization of this methodology possesses 
the capacity to reduce expenses and time associated with 
the production of genetically modified crops. A recent study 
used Agrobacterium rhizogene to transform the explants that 
generate transformed roots. The delivery system termed 
cut–dip–budding (CDB) produces transformed buds due to 
root suckering under non-sterile conditions and without the 
need for tissue culture (Cao et al. 2023). The CDM is used 
to establish gene editing in several species including woody, 
herbaceous, and tuberous root plants.

In another approach, transgene-free plants were produced 
in a single step via grafting the wild-type shoots (scions) 
to the transgenic rootstocks that harbors CRISPR/Cas9 
cassettes (Yang et al. 2023a, 2023b). The Cas9 and guide 
RNA transcripts fused to tRNA-like sequence motifs that 
move RNAs from transgenic rootstocks to wild-type shoots 
and achieve heritable gene editing. This method shortens the 
time to produce transgene-free plants in breeding programs, 

however, one cannot escape the generation of transgenic 
rootstocks. It is anticipated that the coming years will bring 
an increasing array of alternatives for plant genome editing 
that do not involve the use of DNA.

Regulation of gene‑edited crops

A global debate has arisen over the management of 
genetically modified crops created using gene-editing 
technologies. Currently, the regulation of gene-edited crops 
varies substantially between jurisdictions. A few nations 
have established guidelines or legislation concerning 
gene-edited crops. The U.S. Department of Agriculture 
(USDA) issued a ruling in 2018 stating that genetically 
edited crops are exempt from further examination by the 
USDA as long as they do not involve plant pests or contain 
foreign DNA from plant pests, such as viruses or bacteria 
(APHIS 2018; Turnbull et al. 2021; Wolt and Wolf 2018). 
Nevertheless, the regulatory control of gene-edited crops 
may be linked to their specific genetic properties, requiring 
the approval of regulatory bodies such as the Environmental 
Protection Agency (EPA) and/or the Food and Drug 
Administration (FDA). Three years ago, the SECURE 
(sustainable, ecological, consistent, uniform, responsible, 
efficient) platform was launched to enhance and modernize 
the biotechnology approval process in the United States 
(Barrangou 2020).

In contrast to the United States, the European Union 
has determined that the regulatory framework regulating 
gene-edited crop release  should be aligned with the 
existing laws applicable to genetically modified organism 
(GMO) crops and products. Other countries have adopted 
more complicated approaches. In Australia, gene-
edited crops are classified into three categories: SDN-
1, for gene editing involving point mutations; SDN-2, 
characterized by the incorporation or editing of a few 
base pairs using an external DNA template sequence; 
and SDN-3, for gene editing in which a longer DNA 
fragment or gene is inserted. Each category is subject 
to distinct restrictions. For instance, type SDN-1 edits 
are excluded from regulation by the Office of the Gene 
Technology Regulator (OGTR), whereas type SDN-2 
and SDN-3 edits are subject to regulation (Menz et al. 
2020). Canada employs a regulatory framework in which 
the assessment of a product is based on the end result 
(outcome) of the genetic change rather than the editing 
technique used to produce it. Therefore, crops that have 
undergone gene editing are subject to regulation under the 
category of plants with novel traits (PNTs). Irrespective of 
the method employed for their creation (e.g., conventional 
breeding, transgenesis, mutagenesis, or gene editing), 
newly developed crops with unique traits must undergo 
environmental and safety evaluations per the existing 
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standards (Smyth 2017). China's policy regarding genome-
editing research is distinct due to the notable absence of 
regulatory measures on gene-modified  crops, despite 
substantial investments in this field (Lyzenga et al. 2021). 
The current state of gene-editing regulation worldwide 
is characterized by a lack of stability and a pressing 
need for revision in numerous countries. The global 
perception of the intricate aspects of gene editing will 
significantly influence this technology's implementation 
and international trade.

Conclusions

The emergence of genome-editing techniques in plant 
science has opened up a wide range of possibilities for 
advancing plant breeding methods. The use of genome-
editing techniques for mutagenesis has established a 
solid foundation for many advanced breeding approaches, 
which hold the potential to transform the agricultural 
landscape significantly in the near future. To fully harness 
the capabilities of plant genome editing, it is imperative 
to thoroughly investigate all available methodologies. 
Genome editing enables the deliberate integration of 
desired genetic characteristics into crops through a rational 
approach. Using these accurate and efficient procedures in 
the context of speed breeding yields outcomes comparable 
to those achieved with conventional breeding methods. 
Nevertheless, the replacement of traditional methods 
by genome-editing-based next-generation breeding is 
improbable. The widespread adoption of genome editing 
in agriculture can only be ensured when it is integrated 
with other technologies, including high-throughput 
phenotyping, genomic selection, and speed breeding. 
Adopting a multidisciplinary approach can enhance the 
field of plant breeding, thereby helping make a second 
Green Revolution a reality. This will be crucial to 
effectively address the escalating food requirements of a 
rapidly expanding global population, particularly in the 
face of continuously shifting climate patterns.

Author contributions MM conceived the project; MA and WJ drafted 
the manuscript; KS and HB edited and proofread the manuscript; 
All authors have read and agreed with the published version of the 
manuscript.

Funding This work is supported by KAUST baseline funding to MM.

Declarations 

Conflict of interest The authors declare that they have no conflicts of 
interest.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Ainley WM, Sastry-Dent L, Welter ME, Murray MG, Zeitler B, 
Amora R, Corbin DR, Miles RR, Arnold NL, Strange TL, 
Simpson MA, Cao ZH, Carroll C, Pawelczak KS, Blue R, West 
K, Rowland LM, Perkins D, Samuel P, Dewes CM, Shen L, 
Sriram S, Evans SL, Rebar EJ, Zhang L, Gregory PD, Urnov 
FD, Webb SR, Petolino JF (2013) Trait stacking via targeted 
genome editing. Plant Biotechnol J 11:1126–1134

Alfatih A, Wu J, Jan SU, Zhang ZS, Xia JQ, Xiang CB (2020) 
Loss of rice PARAQUAT TOLERANCE 3 confers enhanced 
resistance to abiotic stresses and increases grain yield in field. 
Plant Cell Environ 43:2743–2754

Ali Z, Shami A, Sedeek K, Kamel R, Alhabsi A, Tehseen M, Hassan 
N, Butt H, Kababji A, Hamdan SM, Mahfouz MM (2020) 
Fusion of the Cas9 endonuclease and the VirD2 relaxase 
facilitates homology-directed repair for precise genome 
engineering in rice. Commun Biol 3:44

Altpeter F, Springer NM, Bartley LE, Blechl AE, Brutnell TP, 
Citovsky V, Conrad LJ, Gelvin SB, Jackson DP, Kausch 
AP, Lemaux PG, Medford JI, Orozco-Cardenas ML, Tricoli 
DM, Van Eck J, Voytas DF, Walbot V, Wang K, Zhang ZYJ, 
Stewart CN (2016) Advancing crop transformation in the era 
of genome editing. Plant Cell 28:1510–1520

Anzalone AV, Randolph PB, Davis JR, Sousa AA, Koblan LW, 
Levy JM, Chen PJ, Wilson C, Newby GA, Raguram A, Liu 
DR (2019) Search-and-replace genome editing without double-
strand breaks or donor DNA. Nature 576:149–157

Anzalone AV, Gao XD, Podracky CP, Nelson AT, Koblan 
LW, Raguram A, Levy JM, Mercer JAM, Liu DR (2022) 
Programmable deletion, replacement, integration and inversion 
of large dna sequences with twin prime editing and site-specific 
recombinases. Mol Ther 30:392–393

Aphis U (2018) Regulated article letters of inquiry https:// www. 
aphis. usda. gov/ aphis/ ourfo cus/ biote chnol ogy/ am-i- regul ated. 
In. Regul ated_ Artic le_ Lette rs_ of_ Inqui ry

Baltes NJ, Gil-Humanes J, Cermak T, Atkins PA, Voytas DF (2014) 
DNA. Plant Cell 26:151–163

Bari VK, Abu Nasser J, Kheredin SM, Gal-On A, Ron M, Britt 
A, Steele D, Yoder J, Aly R (2019) CRISPR/Cas9-mediated 
mutagenesis of in tomato provides resistance against the 
parasitic weed. Sci Rep-Uk 9:11438

Barrangou R (2020) Finding SECURE ground: usda edits the 
biotechnology regulatory framework. Crispr J 3:136–137

Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, 
Moineau S, Romero DA, Horvath P (2007) CRISPR provides 
acquired resistance against viruses in prokaryotes. Science 
315:1709–1712

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.aphis.usda.gov/aphis/ourfocus/biotechnology/am-i-regulated.In.Regulated_Article
https://www.aphis.usda.gov/aphis/ourfocus/biotechnology/am-i-regulated.In.Regulated_Article
https://www.aphis.usda.gov/aphis/ourfocus/biotechnology/am-i-regulated.In.Regulated_Article


 Plant Cell Reports (2024) 43:9898 Page 16 of 20

Beying N, Schmidt C, Pacher M, Houben A, Puchta H (2020) 
CRISPR-Cas9-mediated induction of heritable chromosomal 
translocations in arabidopsis. Nat Plants 6:638–645

Briggs AW, Rios X, Chari R, Yang LH, Zhang F, Mali P, Church GM 
(2012) Iterative capped assembly: rapid and scalable synthesis 
of repeat-module DNA such as TAL effectors from individual 
monomers. Nucleic Acids Res 40:e117

Butt H, Eid A, Ali Z, Atia MAM, Mokhtar MM, Hassan N, Lee CM, 
Bao G, Mahfouz MM (2017) Efficient CRISPR/Cas9-mediated 
genome editing using a chimeric single-guide rna molecule. 
Front Plant Sci 8:1441

Butt H, Jamil M, Wang JY, Al-Babili S, Mahfouz M (2018) 
Engineering plant architecture via CRISPR/Cas9-mediated 
alteration of strigolactone biosynthesis. Bmc Plant Biol 18:174

Butt H, Rao GS, Sedeek K, Aman R, Kamel R, Mahfouz M (2020) 
Engineering herbicide resistance via prime editing in rice. 
Plant Biotechnol J 18:2370–2372

Cao X, Xie H, Song M, Lu J, Ma P, Huang B, Wang M, Tian Y, Chen 
F, Peng J, Lang Z, Li G, Zhu JK (2023) Cut-dip-budding delivery 
system enables genetic modifications in plants without tissue 
culture. Innovation (camb) 4:100345

Carroll D (2011) Genome engineering with zinc-finger nucleases. 
Genetics 188:773–782

Cermak T, Doyle EL, Christian M, Wang L, Zhang Y, Schmidt C, 
Baller JA, Somia NV, Bogdanove AJ, Voytas DF (2011) Efficient 
design and assembly of custom TALEN and other TAL effector-
based constructs for DNA targeting (vol 39, pg e82, 2011). 
Nucleic Acids Res 39:7879–7879

Chandrasekaran J, Brumin M, Wolf D, Leibman D, Klap C, Pearlsman 
M, Sherman A, Arazi T, Gal-On A (2016) Development of broad 
virus resistance in non-transgenic cucumber using CRISPR/Cas9 
technology. Mol Plant Pathol 17:1140–1153

Chen KL, Wang YP, Zhang R, Zhang HW, Gao CX (2019) CRISPR/
Cas Genome editing and precision plant breeding in agriculture. 
Annu Rev Plant Biol 70:667–697

Chen QY, Li WY, Tan LB, Tian F (2021) Harnessing knowledge from 
maize and rice domestication for new crop breeding. Mol Plant 
14:9–26

Chen Z, Debernardi J, Dubcovsky J, Gallavotti A (2022) The 
combination of morphogenic regulators BABY BOOM and 
GRF-GIF improves maize transformation efficiency. In Biorxiv 
13:883847

Christian M, Qi YP, Zhang Y, Voytas DF (2013) Targeted mutagenesis 
of arabidopsis thaliana using engineered tal effector nucleases. 
G3-Genes Genom Genet 3(1697):1705

Cox DBT, Platt RJ, Zhang F (2015) Therapeutic genome editing: 
prospects and challenges. Nat Med 21:121–131

Debernardi JM, Tricoli DM, Ercoli MF, Hayta S, Ronald P, Palatnik 
JF, Dubcovsky J (2020) A GRF-GIF chimeric protein improves 
the regeneration efficiency of transgenic plants. Nat Biotechnol 
38:1274–1279

Demirer GS, Silva TN, Jackson CT, Thomas JB, D WE, Rhee SY, 
Mortimer JC, Landry MP, (2021) Nanotechnology to advance 
CRISPR-Cas genetic engineering of plants. Nat Nanotechnol 
16:243–250

Deng D, Yan CY, Pan XJ, Mahfouz M, Wang JW, Zhu JK, Shi YG, Yan 
NE (2012) Structural basis for sequence-specific recognition of 
DNA by tal effectors. Science 335:720–723

Deveau H, Garneau JE, Moineau S (2010) CRISPR/Cas system and 
its role in phage-bacteria interactions. Annu Rev Microbiol 
64:475–493

Devi R, Chauhan S, Dhillon TS (2022) Genome editing for vegetable 
crop improvement: challenges and future prospects. Front Genet 
13:36482900

Dong HR, Wang DL, Bai ZJ, Yuan YG, Yang W, Zhang YX, Ni HW, 
Jiang LJ (2020a) Generation of imidazolinone herbicide resistant 
trait in Arabidopsis. PLoS ONE 15:32442184

Dong OXO, Yu S, Jain R, Zhang N, Duong PQ, Butler C, Li Y, Lipzen 
A, Martin JA, Barry KW, Schmutz J, Tian L, Ronald PC (2020b) 
Marker-free carotenoid-enriched rice generated through targeted 
gene insertion using CRISPR-Cas9. Nat CommUn 11:1178

Durner J, Gailus V, Boger P (1991) New aspects on inhibition of plant 
acetolactate synthase by chlorsulfuron and imazaquin. Plant 
Physiol 95:1144–1149

Ellison EE, Nagalakshmi U, Gamo ME, Huang PJ, Dinesh-Kumar S, 
Voytas DF (2021) Multiplexed heritable gene editing using RNA 
viruses and mobile single guide RNAs (vol 6, pg 620, 2020). Nat 
Plants 7:99–99

Fauser F, Roth N, Pacher M, Ilg G, Sanchez-Fernandez R, Biesgen C, 
Puchta H (2012) In planta gene targeting. P Natl Acad Sci USA 
109:7535–7540

Foley JA, Ramankutty N, Brauman KA, Cassidy ES, Gerber JS, 
Johnston M, Mueller ND, O’Connell C, Ray DK, West PC, 
Balzer C, Bennett EM, Carpenter SR, Hill J, Monfreda C, 
Polasky S, Rockstrom J, Sheehan J, Siebert S, Tilman D, Zaks 
DP (2011) Solutions for a cultivated planet. Nature 478:337–342

Gao CX (2021) Genome engineering for crop improvement and future 
agriculture. Cell 184:1621–1635

Gao J, Zhao Y, Zhao Z, Liu W, Jiang C, Li J, Zhang Z, Zhang H, 
Zhang Y, Wang X, Sun X, Li Z (2023) RRS1 shapes robust 
root system to enhance drought resistance in rice. New Phytol 
238:1146–1162

Gaudelli NM, Komor AC, Rees HA, Packer MS, Badran AH, Bryson 
DI, Liu DR (2017) Programmable base editing of A.T to G.C 
in genomic DNA without DNA cleavage. Nature 551:464–471

Gaudelli NM, Komor AC, Rees HA, Packer MS, Badran AH, Bryson 
DI, Liu DR (2018) Programmable base editing of A center dot T 
to G center dot C in genomic DNA without DNA cleavage (vol 
551, pg 464, 2017). Nature 559:E8–E8

Ghosh S, Dey G (2022) Biotic and abiotic stress tolerance through 
CRISPR-Cas mediated genome editing. J Plant Biochem Biot 
31:227–238

Gohil N, Bhattacharjee G, Lam NL, Perli SD, Singh V (2021) CRISPR-
Cas systems: challenges and future prospects. Prog Mol Biol 
Transl 180:141–151

Gomez MA, Lin ZD, Moll T, Chauhan RD, Hayden L, Renninger K, 
Beyene G, Taylor NJ, Carrington JC, Staskawicz BJ, Bart RS 
(2019) Simultaneous CRISPR/Cas9-mediated editing of cassava 
isoforms and reduces cassava brown streak disease symptom 
severity and incidence. Plant Biotechnol J 17:421–434

Han Y, Teng KC, Nawaz G, Feng X, Usman B, Wang X, Luo L, Zhao 
N, Liu YG, Li RB (2019) Generation of semi-dwarf rice lines by 
CRISPR/Cas9-directed mutagenesis of and proteomic analysis of 
unveiled changes caused by mutations. 3 Biotech 9:387

He JJ, Zhang K, Yan SX, Tang M, Zhou WX, Yin YT, Chen K, 
Zhang CY, Li MT (2023) Genome-scale targeted mutagenesis 
in Brassica napus using a pooled CRISPR library. Genome Res 
33:798–809

Hirano H, Gootenberg JS, Horii T, Abudayyeh OO, Kimura M, 
Hsu PD, Nakane T, Ishitani R, Hatada I, Zhang F, Nishimasu 
H, Nureki O (2016) Structure and engineering of Francisella 
novicida Cas9. Cell 164:950–961

Hoffie RE, Otto I, Perovic D, Budhagatapalli N, Habekuss A, Ordon F, 
Kumlehn J (2021) Targeted knockout of eukaryotic translation 
initiation factor 4e confers bymovirus resistance in winter barley. 
Front Genome Ed 3:784233

Hu YJ, Patra P, Pisanty O, Shafir A, Belew ZM, Binenbaum J, Ben 
Yaakov S, Shi BH, Charrier L, Hyams G, Zhang YQ, Trabulsky 
M, Caldararu O, Weiss D, Crocoll C, Avni A, Vernoux T, Geisler 
M, Nour-Eldin HH, Mayrose I, Shani E (2023) Multi-knock-a 



Plant Cell Reports (2024) 43:98 Page 17 of 20 98

multi-targeted genome-scale crispr toolbox to overcome 
functional redundancy in plants. Nat Plants 9:572–687

Huang XZ, Qian Q, Liu ZB, Sun HY, He SY, Luo D, Xia GM, Chu 
CC, Li JY, Fu XD (2009) Natural variation at the locus enhances 
grain yield in rice. Nat Genet 41:494–497

Huang X, Hilscher J, Stoger E, Christou P, Zhu CF (2021) Modification 
of cereal plant architecture by genome editing to improve yields. 
Plant Cell Rep 40:953–978

Hurst JP, Sato S, Ferris T, Yobi A, Zhou Y, Angelovici R, Clemente TE, 
Holding DR (2023) Editing the 19 kDa alpha-zein gene family 
generates non-based quality protein maize. Plant Biotechnol J. 
https:// doi. org/ 10. 1111/ pbi. 14237

Jaganathan D, Ramasamy K, Sellamuthu G, Jayabalan S, Venkataraman 
G (2018) CRISPR for crop improvement: an update review. Front 
Plant Sci 9:985

Jiang WZ, Zhou HB, Bi HH, Fromm M, Yang B, Weeks DP (2013) 
Demonstration of CRISPR/Cas9/sgRNA-mediated targeted gene 
modification in Arabidopsis, tobacco, sorghum and rice. Nucleic 
Acids Res 41:e188

Jiang YY, Chai YP, Lu MH, Han XL, Lin QP, Zhang Y, Zhang Q, 
Zhou Y, Wang XC, Gao CX, Chen QJ (2020) Prime editing 
efficiently generates W542L and S621I double mutations in 
two ALS genes in maize. Genome Biol 21:257

Jin S, Zong Y, Gao Q, Zhu Z, Wang Y, Qin P, Liang C, Wang D, 
Qiu JL, Zhang F, Gao C (2019) Cytosine, but not adenine, 
base editors induce genome-wide off-target mutations in rice. 
Science 364:292–295

Jin S, Fei HY, Zhu ZX, Luo YF, Liu JX, Gao SH, Zhang F, Chen YH, 
Wang YP, Gao CX (2020) Rationally designed APOBEC3B 
cytosine base editors with improved specificity. Mol Cell 
79:728–740

Joung JK, Sander JD (2013) TALENs: a widely applicable 
technology for targeted genome editing. Nat Rev Mol Cell 
Biol 14:49–55

Jung YJ, Nogoy FM, Lee SK, Cho YG, Kang KK (2018) Application 
of ZFN for site directed mutagenesis of rice SSIVa gene. 
Biotechnol Bioproc E 23:108–115

Kan JH, Cai Y, Cheng CY, Chen SQ, Jiang CC, He ZT, Yang P 
(2023) CRISPR/Cas9-guided knockout of eIF4E improves 
wheat yellow mosaic virus resistance without yield penalty. 
Plant Biotechnol J 21:893–895

Kim H, Kim JS (2014) A guide to genome engineering with 
programmable nucleases. Nat Rev Genet 15:321–334

Kim E, Koo T, Park SW, Kim D, Kim K, Cho HY, Song DW, Lee KJ, 
Jung MH, Kim S, Kim JH, Kim JH, Kim JS (2017a) In Vivo 
Genome Editing with a Small Cas9 Orthologue Derived from 
Campylobacter Jejuni. Mol Ther 25:79–79

Kim H, Kim ST, Ryu J, Kang BC, Kim JS, Kim SG (2017b) CRISPR/
Cpf1-mediated DNA-free plant genome editing. Nat Commun 
8:14406

Klap C, Yeshayahou E, Bolger AM, Arazi T, Gupta SK, Shabtai 
S, Usadel B, Salts Y, Barg R (2017) Tomato facultative 
parthenocarpy results from SlAGAMOUS-LIKE 6 loss of 
function. Plant Biotechnol J 15:634–647

Klompe SE, Vo PLH, Halpin-Healy TS, Sternberg SH (2019) 
Transposon-encoded CRISPR-Cas systems direct RNA-guided 
DNA integration. Nature 571:219–225

Koonin EV, Makarova KS, Zhang F (2017) Diversity, classification 
and evolution of CRISPR-Cas systems. Curr Opin Microbiol 
37:67–78

Ku HK, Ha SH (2020) Improving nutritional and functional quality 
by genome editing of crops: status and perspectives. Front 
Plant Sci 11:577313

Kuang YJ, Li SF, Ren B, Yan F, Spetz C, Li XJ, Zhou XP, Zhou HB 
(2020) Base-editing-mediated artificial evolution of osals1 in 

planta to develop novel herbicide-tolerant rice germplasms. 
Mol Plant 13:565–572

Kurt IC, Zhou RH, Iyer S, Garcia SP, Miller BR, Langner LM, 
Grunewald J, Joung JK (2021) CRISPR C-to-G base editors 
for inducing targeted DNA transversions in human cells. Nat 
Biotechnol 39:41–46

Laity JH, Lee BM, Wright PE (2001) Zinc finger proteins: new 
insights into structural and functional diversity. Curr Opin 
Struc Biol 11:39–46

Lambing C, Franklin FCH, Wang CJR (2017) Understanding and 
manipulating meiotic recombination in plants. Plant Physiol 
173:1530–1542

Lemmon ZH, Reem NT, Dalrymple J, Soyk S, Swartwood KE, 
Rodriguez-Leal D, Van Eck J, Lippman ZB (2018) Rapid 
improvement of domestication traits in an orphan crop by 
genome editing. Nat Plants 4:766–770

Li T, Liu B, Chen CY, Yang B (2016) TALEN-mediated homologous 
recombination produces site-directed dna base change and 
herbicide-resistant rice. J Genet Genomics 43:297–305

Li C, Zong Y, Wang YP, Jin S, Zhang DB, Song QN, Zhang R, Gao CX 
(2018a) Expanded base editing in rice and wheat using a Cas9-
adenosine deaminase fusion. Genome Biol 19:59

Li TD, Yang XP, Yu Y, Si XM, Zhai XW, Zhang HW, Dong WX, Gao 
CX, Xu C (2018b) Domestication of wild tomato is accelerated 
by genome editing. Nat Biotechnol 36:1211–1216

Li GL, Zhang HL, Li JJ, Zhang ZY, Li ZC (2021) Genetic control of 
panicle architecture in rice. Crop J 9:590–597

Li Z, Zhong Z, Wu Z, Pausch P, Al-Shayeb B, Amerasekera J, 
Doudna JA, Jacobsen SE (2023) Genome editing in plants 
using the compact editor CasΦ. Proc Natl Acad Sci U S A 
120:e2216822120

Liang Z, Zhang K, Chen KL, Gao CX (2014) Targeted mutagenesis in 
zea mays using TALENs and the CRISPR/Cas system. J Genet 
Genomics 41:63–68

Liang Z, Chen KL, Li TD, Zhang Y, Wang YP, Zhao Q, Liu JX, 
Zhang HW, Liu CM, Ran YD, Gao CX (2017) Efficient DNA-
free genome editing of bread wheat using CRISPR/Cas9 
ribonucleoprotein complexes. Nat Commun 8:773–779

Lin QP, Zong Y, Xue CX, Wang SX, Jin S, Zhu ZX, Wang YP, 
Anzalone AV, Raguram A, Doman JL, Liu DVR, Gao CX 
(2020) Prime genome editing in rice and wheat. Nat Biotechnol 
38:582–585

Lin QP, Jin S, Zong Y, Yu H, Zhu ZX, Liu GW, Kou LQ, Wang YP, 
Qiu JL, Li JY, Gao CX (2021) High-efficiency prime editing 
with optimized, paired pegRNAs in plants. Nat Biotechnol 
39:923–927

Lowe K, Wu E, Wang N, Hoerster G, Hastings C, Cho MJ, Scelonge C, 
Lenderts B, Chamberlin M, Cushatt J, Wang LJ, Ryan L, Khan 
T, Chow-Yiu J, Hua W, Yu M, Banh J, Bao ZM, Brink K, Igo 
E, Rudrappa B, Shamseer PM, Bruce W, Newman L, Shen B, 
Zheng PZ, Bidney D, Falco C, Register J, Zhao ZY, Xu DP, 
Jones T, Gordon-Kamm W (2016) Morphogenic regulators baby 
boom and wuschel improve monocot transformation. Plant Cell 
28:1998–2015

Lu YM, Tian YF, Shen RD, Yao Q, Wang MG, Chen M, Dong JS, 
Zhang TG, Li F, Lei MG, Zhu JK (2020) Targeted, efficient 
sequence insertion and replacement in rice. Nat Biotechnol 
38:1402–1407

Lu YM, Tian YF, Shen RD, Yao Q, Zhong DT, Zhang XN, Zhu JK 
(2021) Precise genome modification in tomato using an improved 
prime editing system. Plant Biotechnol J 19:415–417

Luo M, Li HY, Chakraborty S, Morbitzer R, Rinaldo A, Upadhyaya 
N, Bhatt D, Louis S, Richardson T, Lahaye T, Ayliffe M 
(2019) Efficient TALEN-mediated gene editing in wheat. Plant 
Biotechnol J 17:2026–2028

https://doi.org/10.1111/pbi.14237


 Plant Cell Reports (2024) 43:9898 Page 18 of 20

Lyzenga WJ, Pozniak CJ, Kagale S (2021) Advanced domestication: 
harnessing the precision of gene editing in crop breeding. Plant 
Biotechnol J 19:660–670

Ma XN, Zhang XY, Liu HM, Li ZH (2020) Highly efficient DNA-free 
plant genome editing using virally delivered CRISPR-Cas9. Nat 
Plants 6:773–779

Maharajan T, Krishna TPA, Rakkammal K, Ceasar SA, Ramesh 
M (2022) Application of CRISPR/Cas system in cereal 
improvement for biotic and abiotic stress tolerance. Planta 
256:106

Maher MF, Nasti RA, Vollbrecht M, Starker CG, Clark MD, Voytas 
DF (2020) Plant gene editing through de novo induction of 
meristems. Nat Biotechnol 38:84–89

Mahfouz MM, Li LX, Shamimuzzaman M, Wibowo A, Fang XY, 
Zhu JK (2011) De novo-engineered transcription activator-
like effector (TALE) hybrid nuclease with novel DNA binding 
specificity creates double-strand breaks. P Natl Acad Sci USA 
108:2623–2628

Makarova KS, Wolf YI, Iranzo J, Shmakov SA, Alkhnbashi OS, Brouns 
SJJ, Charpentier E, Cheng D, Haft DH, Horvath P, Moineau S, 
Mojica FJM, Scott D, Shah SA, Siksnys V, Terns MP, Venclovas 
C, White MF, Yakunin AF, Yan W, Zhang F, Garrett RA, 
Backofen R, van der Oost J, Barrangou R, Koonin EV (2020) 
Evolutionary classification of CRISPR-Cas systems: a burst of 
class 2 and derived variants. Nat Rev Microbiol 18:67–83

Mali P, Yang LH, Esvelt KM, Aach J, Guell M, DiCarlo JE, Norville 
JE, Church GM (2013) RNA-guided human genome engineering 
via cas9. Science 339:823–826

Menz J, Modrzejewski D, Hartung F, Wilhelm R, Sprink T (2020) 
Genome edited crops touch the market: a view on the global 
development and regulatory environment. Front Plant Sci 
11:586027

Merker L, Schindele P, Huang TK, Wolter F, Puchta H (2020) 
Enhancing in planta gene targeting efficiencies in Arabidopsis 
using temperature-tolerant CRISPR/LbCas12a. Plant Biotechnol 
J 18:2382–2384

Merritt Khaipho-Burch MC, Crossa J, deLeon N, Holland J, Lewis 
R, McCouch S, Murray SC, Rabbi I, Ronald P, Ross-Ibarra J, 
Weigel D, Buckler ES (2023) Genetic modification can improve 
crop yields — but stop overselling it. Nature 621:470–473

Miao C, Wang D, He R, Liu S, Zhu JK (2020) Mutations in MIR396e 
and MIR396f increase grain size and modulate shoot architecture 
in rice. Plant Biotechnol J 18:491–501

Miyaoka Y, Berman JR, Cooper SB, Mayerl SJ, Chan AH, Zhang 
B, Karlin-Neumann GA, Conklin BR (2016) Systematic 
quantification of HDR and NHEJ reveals effects of locus, 
nuclease, and cell type on genome-editing. Sci Rep-Uk 6:23549

Moore R, Chandrahas A, Bleris L (2014) Transcription activator-
like effectors: a toolkit for synthetic biology. ACS Synth Biol 
3:708–716

Moscou MJ, Bogdanove AJ (2009) A Simple cipher governs DNA 
recognition by TAL effectors. Science 326:1501–1501

Muller M, Lee CM, Gasiunas G, Davis TH, Cradick TJ, Siksnys V, Bao 
G, Cathomen T, Mussolino C (2016) Streptococcus thermophilus 
CRISPR-Cas9 systems enable specific editing of the human 
genome. Mol Ther 24:636–644

Oliva R, Ji CH, Atienza-Grande G, Huguet-Tapia JC, Perez-Quintero 
A, Li T, Eom JS, Li CH, Nguyen H, Liu B, Auguy F, Sciallano 
C, Luu V, Dossa GS, Cunnac S, Schmidt SM, Slamet-Loedin IH, 
Cruz CV, Szurek B, Frommer WB, White FF, Yang B (2019) 
Broad-spectrum resistance to bacterial blight in rice using 
genome editing. Nat Biotechnol 37:1344–1350

Osakabe Y, Osakabe K (2015) Genome editing with engineered 
nucleases in plants. Plant Cell Physiol 56:389–400

Pausch P, Al-Shayeb B, Bisom-Rapp E, Tsuchida CA, Li Z, Cress 
BF, Knott GJ, Jacobsen SE, Banfield JF, Doudna JA (2020) 
CRISPR-CasΦ from huge phages is a hypercompact genome 
editor. Science 369:333–337

Pechar GS, Donaire L, Gosalvez B, Garcia-Almodovar C, Sanchez-
Pina MA, Truniger V, Aranda MA (2022) Editing melon 
eIF4E associates with virus resistance and male sterility. Plant 
Biotechnol J 20:2006–2022

Qian SWJ, Chen YJ, Xu XL, Peng C, Wang XF, Wu H, Liu Y, Zhong 
XP, Xu JF, Wu J (2022) Advances in amplification-free detection 
of nucleic acid: CRISPR/Cas system as a powerful tool. Anal 
Biochem 643:114593

Qin H, Gu Q, Zhang JL, Sun L, Kuppu S, Zhang YZ, Burow M, Payton 
P, Blumwald E, Zhang H (2011) Regulated expression of an 
isopentenyltransferase gene (ipt) in peanut significantly improves 
drought tolerance and increases yield under field conditions. 
Plant Cell Physiol 52:1904–1914

Ran FA, Cong L, Yan WX, Scott DA, Gootenberg JS, Kriz AJ, Zetsche 
B, Shalem O, Wu XB, Makarova KS, Koonin EV, Sharp PA, 
Zhang F (2015) In vivo genome editing using Staphylococcus 
aureus Cas9. Nature 520:186-U198

Ran YD, Liang Z, Gao CX (2017) Current and future editing reagent 
delivery systems for plant genome editing. Sci China Life Sci 
60:490–505

Rao GS, Jiang WJ, Mahfouz M (2021) Synthetic directed evolution in 
plants: unlocking trait engineering and improvement. Syn Biol 
6:1–6

Ray DK, Mueller ND, West PC, Foley JA (2013) Yield trends are 
insufficient to double global crop production by 2050. PLoS ONE 
8:e66428

Rees HA, Liu DR (2018) Base editing: precision chemistry on the 
genome and transcriptome of living cells (vol 19, pg 770, 2018). 
Nat Rev Genet 19:801–801

Ren C, Guo YC, Kong JH, Lecourieux F, Dai ZW, Li SH, Liang ZC 
(2020) Knockout of VvCCD8 gene in grapevine affects shoot 
branching. Bmc Plant Biol 20:47

Romer P, Hahn S, Jordan T, Strauss T, Bonas U, Lahaye T (2007) 
Plant pathogen recognition mediated by promoter activation of 
the pepper Bs3 resistance gene. Science 318:645–648

Ronspies M, Dorn A, Schindele P, Puchta H (2021) CRISPR-Cas-
mediated chromosome engineering for crop improvement and 
synthetic biology. Nat Plants 7:566–573

Sánchez-León S, Gil-Humanes J, Ozuna CV, Giménez MJ, Sousa C, 
Voytas DF, Barro F (2018) Low-gluten, nontransgenic wheat 
engineered with CRISPR/Cas9. Plant Biotechnol J 16:902–910

Sarno R, Vicq Y, Uematsu N, Luka M, Lapierre C, Carroll D, 
Bastianelli G, Serero A, Nicolas A (2017) Programming sites of 
meiotic crossovers using Spo11 fusion proteins. Nucleic Acids 
Res 45:e164

Schmidt C, Fransz P, Ronspies M, Dreissig S, Fuchs J, Heckmann 
S, Houben A, Puchta H (2020) Changing local recombination 
patterns in Arabidopsis by CRISPR/Cas mediated chromosome 
engineering. Nat Commun 11:4418

Schwartz C, Lenderts B, Feigenbutz L, Barone P, Llaca V, Fengler K, 
Svitashev S (2020) CRISPR-Cas9-mediated 75.5-Mb inversion 
in maize. Nat Plants 6:1427–1431

Sedeek K, Zuccolo A, Fornasiero A, Weber AM, Sanikommu K, 
Sampathkumar S, Rivera LF, Butt H, Mussurova S, Alhabsi 
A, Nurmansyah N, Ryan EP, Wing RA, Mahfouz MM (2023) 
Multi-omics resources for targeted agronomic improvement of 
pigmented rice. Nat Food 4:366–371

Shan QW, Wang YP, Li J, Zhang Y, Chen KL, Liang Z, Zhang K, Liu 
JX, Xi JJ, Qiu JL, Gao CX (2013) Targeted genome modification 
of crop plants using a CRISPR-Cas system. Nat Biotechnol 
31:686–688



Plant Cell Reports (2024) 43:98 Page 19 of 20 98

Sheng XB, Sung ZZ, Wang XF, Tan YN, Yu D, Yuan GL, Yuan DY, 
Duan MJ (2020) Improvement of the rice “easy-to-shatter” trait 
via crispr/cas9-mediated mutagenesis of the gene. Front Plant 
Sci 11:619

Shi J, Gao H, Wang H, Lafitte HR, Archibald RL, Yang M, Hakimi 
SM, Mo H, Habben JE (2017) ARGOS8 variants generated by 
CRISPR-Cas9 improve maize grain yield under field drought 
stress conditions. Plant Biotechnol J 15:207–216

Shimatani Z, Kashojiya S, Takayama M, Terada R, Arazoe T, Ishii 
H, Teramura H, Yamamoto T, Komatsu H, Miura K, Ezura H, 
Nishida K, Ariizumi T, Kondo A (2017) Targeted base editing in 
rice and tomato using a CRISPR-Cas9 cytidine deaminase fusion. 
Nat Biotechnol 35:441–443

Smyth SJ (2017) Canadian regulatory perspectives on genome 
engineered crops. Gm Crops Food 8:35–43

Steinert J, Schiml S, Puchta H (2016) Homology-based double-strand 
break-induced genome engineering in plants. Plant Cell Rep 
35:1429–1438

Strecker J, Ladha A, Gardner Z, Schmid-Burgk JL, Makarova KS, 
Koonin EV, Zhang F (2019) RNA-guided DNA insertion with 
CRISPR-associated transposases. Science 365:48–53

Sun YW, Zhang X, Wu CY, He YB, Ma YZ, Hou H, Guo XP, 
Du WM, Zhao YD, Xia LQ (2016) Engineering herbicide-
resistant rice plants through crispr/cas9-mediated homologous 
recombination of acetolactate synthase. Mol Plant 9:628–631

Svitashev S, Schwartz C, Lenderts B, Young JK, Cigan AM 
(2016) Genome editing in maize directed by CRISPR-Cas9 
ribonucleoprotein complexes. Nat Commun 7:13274

Tian SW, Jiang LJ, Cui XX, Zhang J, Guo SG, Li MY, Zhang HY, 
Ren Y, Gong GY, Zong M, Liu F, Chen QJ, Xu Y (2018) 
Engineering herbicide-resistant watermelon variety through 
CRISPR/Cas9-mediated base-editing. Plant Cell Rep 
37:1353–1356

Turnbull C, Lillemo M, Hvoslef-Eide TAK (2021) Global regulation of 
genetically modified crops amid the gene edited crop boom—a 
review. Front Plant Sci 12:630396

Tyagi S, Kumar R, Kumar V, Won SY, Shukla P (2021) Engineering 
disease resistant plants through CRISPR-Cas9 technology. Gm 
Crops Food 12:125–144

Urnov FD, Rebar EJ, Holmes MC, Zhang HS, Gregory PD (2010) 
Genome editing with engineered zinc finger nucleases. Nat Rev 
Genet 11:636–646

Usman B, Zhao N, Nawaz G, Qin BX, Liu F, Liu YG, Li RB (2021) 
CRISPR/Cas9 guided mutagenesis of grain size 3 confers 
increased rice (Oryza sativa L.) grain length by regulating 
cysteine proteinase inhibitor and ubiquitin-related proteins. Int 
J Mol Sci 22:3225

van Beljouw SPB, Sanders J, Rodriguez-Molina A, Brouns SJJ (2023) 
RNA-targeting CRISPR-Cas systems. Nat Rev Microbiol 
21:21–34

Van Tassel DL, Tesdell O, Schlautman B, Rubin MJ, DeHaan LR, 
Crews TE, Krug AS (2020) New food crop domestication in 
the age of gene editing: genetic, agronomic and cultural change 
remain co-evolutionarily entangled. Front Plant Sci 11:789

Veillet F, Perrot L, Chauvin L, Kermarrec MP, Guyon-Debast A, 
Chauvin JE, Nogue F, Mazier M (2019) Transgene-free genome 
editing in tomato and potato plants using agrobacterium-
mediated delivery of a CRISPR/Cas9 cytidine base editor. Int 
J Mol Sci 20:402

Vejlupkova Z, Warman C, Sharma R, Scheller HV, Mortimer JC, 
Fowler JE (2020) No evidence for transient transformation via 
pollen magnetofection in several monocot species. Nat Plants 
6:1323–1324

Wada N, Ueta R, Osakabe Y, Osakabe K (2020) Precision genome 
editing in plants: state-of-the-art in CRISPR/Cas9-based genome 
engineering. Bmc Plant Biol 20:234

Wang YP, Cheng X, Shan QW, Zhang Y, Liu JX, Gao CX, Qiu JL 
(2014) Simultaneous editing of three homoeoalleles in hexaploid 
bread wheat confers heritable resistance to powdery mildew. Nat 
Biotechnol 32:947–951

Wang L, Chen L, Li R, Zhao RR, Yang MJ, Sheng JP, Shen L 
(2017) Reduced drought tolerance by CRISPR/Cas9-mediated 
SlMAPK3 mutagenesis in tomato plants. J Agr Food Chem 
65:8674–8682

Wang W, Pan QL, He F, Akhunova A, Chao SM, Trick H, Akhunov 
E (2018) Transgenerational CRISPR-Cas9 activity facilitates 
multiplex gene editing in allopolyploid wheat. Crispr J 1:65–74

Wang CG, Wang GK, Gao Y, Lu GH, Habben JE, Mao GF, Chen 
GW, Wang JT, Yang F, Zhao XQ, Zhang J, Mo H, Qu PP, Liu 
JH, Greene TW (2020) A cytokinin-activation enzyme-like gene 
improves grain yield under various field conditions in rice. Plant 
Mol Biol 102:373–388

Wang T, Xun H, Wang W, Ding X, Tian H, Hussain S, Dong Q, Li Y, 
Cheng Y, Wang C, Lin R, Li G, Qian X, Pang J, Feng X, Dong Y, 
Liu B, Wang S (2021) Mutation of GmAITR genes by CRISPR/
Cas9 genome editing results in enhanced salinity stress tolerance 
in soybean. Front Plant Sci 12:779598

Wang HH, Ouyang QQ, Yang C, Zhang ZY, Hou DY, Liu H, Xu HW 
(2022) Mutation of OsPIN1b by CRISPR/Cas9 reveals a role 
for auxin transport in modulating rice architecture and root 
gravitropism. Int J Mol Sci 23:8965

Westra ER, Buckling A, Fineran PC (2014) CRISPR-Cas systems: 
beyond adaptive immunity. Nat Rev Microbiol 12:317–326

Wolt JD, Wolf C (2018) Policy and governance perspectives for 
regulation of genome edited crops in the united states. Front 
Plant Sci 9:1606

Wolter F, Klemm J, Puchta H (2018) Efficient in planta gene targeting 
in arabidopsis using egg cell-specific expression of the Cas9 
nuclease of Staphylococcus aureus. Plant J 94:735–746

Wu H, Chen XY, Zhang MY, Wang XF, Chen YJ, Qian C, Wu J, 
Xu JF (2021) Versatile detection with CRISPR/Cas system 
from applications to challenges. Trac-Trend Anal Chem 
135:1080–1090

Xu YY, Li ZJ (2020) CRISPR-Cas systems: overview, innovations 
and applications in human disease research and gene therapy. 
Comput Struct Biotec 18:2401–2415

Yang L, Machin F, Wang S, Saplaoura E, Kragler F (2023a) Heritable 
transgene-free genome editing in plants by grafting of wild-
type shoots to transgenic donor rootstocks. Nat Biotechnol 
41:958–967

Yang YH, Wang DD, Lue P, Ma SS, Chen KP (2023b) Research 
progress on nucleic acid detection and genome editing of 
CRISPR/Cas12 system. Mol Biol Rep 50:3723–3738

Yu H, Lin T, Meng XB, Du HL, Zhang JK, Liu GF, Chen MJ, Jing 
YH, Kou LQ, Li XX, Gao Q, Liang Y, Liu XD, Fan ZL, Liang 
YT, Cheng ZK, Chen MS, Tian ZX, Wang YH, Chu CC, Zuo 
JR, Wan JM, Qian Q, Han B, Zuccolo A, Wing R, Gao CX, 
Liang CZ, Li JY (2021) A route to de novo domestication of 
wild allotetraploid rice. Cell 184:1156–1170

Zhang Y, Liang Z, Zong Y, Wang Y, Liu J, Chen K, Qiu JL, Gao C 
(2016) Efficient and transgene-free genome editing in wheat 
through transient expression of CRISPR/Cas9 DNA or RNA. 
Nat Commun 7:12617

Zhang HW, Si XM, Ji X, Fan R, Liu JX, Chen KL, Wang DW, 
Gao CX (2018a) Genome editing of upstream open reading 
frames enables translational control in plants. Nat Biotechnol 
36:894–898

Zhang Y, Massel K, Godwin ID, Gao CX (2018b) Applications and 
potential of genome editing in crop improvement. Genome Biol 
19:210

Zhang R, Liu JX, Chai ZZ, Chen S, Bai Y, Zong Y, Chen KL, Li JY, 
Jiang LJ, Gao CX (2019) Generation of herbicide tolerance 



 Plant Cell Reports (2024) 43:9898 Page 20 of 20

traits and a new selectable marker in wheat using base editing. 
Nat Plants 5:480–485

Zhang YX, Ren QR, Tang X, Liu SS, Malzahn AA, Zhou JP, Wang 
JH, Yin DS, Pan CT, Yuan MZ, Huang L, Yang H, Zhao YX, 
Fang Q, Zheng XL, Tian L, Cheng YH, Le Y, McCoy B, 
Franklin L, Selengut JD, Mount SM, Que QD, Zhang Y, Qi YP 
(2021) Expanding the scope of plant genome engineering with 
Cas12a orthologs and highly multiplexable editing systems. 
Nat Commun 12:1944

Zhang H, Zhou JF, Kan Y, Shan JX, Ye WW, Dong NQ, Guo T, Xiang 
YH, Yang YB, Li YC, Zhao HY, Yu HX, Lu ZQ, Guo SQ, Lei 
JJ, Liao B, Mu XR, Cao YJ, Yu JJ, Lin YS, Lin HX (2022) A 
genetic module at one locus in rice protects chloroplasts to 
enhance thermotolerance. Science 376:1293–1300

Zheng M, Zhang L, Tang M, Liu JL, Liu HF, Yang HL, Fan SH, 
Terzaghi W, Wang HZ, Hua W (2020) Knockout of two 
BnaMAX1 homologs by CRISPR/Cas9-targeted mutagenesis 
improves plant architecture and increases yield in rapeseed 
(Brassica napus L.). Plant Biotechnol J 18:644–654

Zhou JH, Li DD, Wang GM, Wang FX, Kunjal M, Joldersma D, Liu 
ZC (2020) Application and future perspective of CRISPR/Cas9 
genome editing in fruit crops. J Integr Plant Biol 62:269–286

Zsogon A, Cermak T, Naves ER, Notini MM, Edel KH, Weinl S, 
Freschi L, Voytas DF, Kudla J, Peres LEP (2018) De novo 
domestication of wild tomato using genome editing. Nat 
Biotechnol 36:1211–1216

Zuo EW, Sun YD, Yuan TL, He BB, Zhou CY, Ying WQ, Liu J, Wei 
W, Zeng R, Li YX, Yang H (2020) A rationally engineered 
cytosine base editor retains high on-target activity while reducing 
both DNA and RNA off-target effects. Nat Methods 17:600–604

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Crop bioengineering via gene editing: reshaping the future of agriculture
	Abstract
	Introduction
	Plant genome-editing technologies
	ZFNs and TALENs for plant genome editing
	CRISPRCas9 systems for plant genome editing
	The workflow of plant genome editing

	Expanding CRISPR genome-editing platforms for genome manipulation
	Discovery of new Cas effectors and orthologues
	State-of-the-art editors for genome modification
	CRISPR-Cas-mediated genome-scale engineering
	CRISPR-Cas-mediated chromosome engineering

	Harnessing gene editing for crop breeding
	Improving crop productivity via gene editing
	Enhancing nutrient quality via gene editing
	Improving abiotic resistance via gene editing
	Improving biotic resistance via gene editing
	De novo domestication via gene editing

	Challenges and prospects for the future
	Enhancing the efficiency and precision of genome-editing technologies
	Enhancing the specificity of genome-editing technologies
	Delivering genome editing reagents into plants
	Tissue culture-free gene editing in plants
	Regulation of gene-edited crops

	Conclusions
	References




