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The ability to tailor alterations in genomes, including plant
genomes, in a site-specific manner has been greatly advanced
through approaches that reduced the complexity and time of ge-
nome sequencing along with development of gene editing tech-
nologies. These technologies provide a valuable foundation for
studies of gene function, metabolic engineering, and trait modi-
fication for crop improvement. Development of genome editing
methodologies began ~20 years ago, first with meganucleases
and followed by zinc finger nucleases, transcriptional activator-
like effector nucleases and, most recently, clustered regulatory
interspaced short palindromic repeat (CRISPR)-associated pro-
tein (Cas) (CRISPR/Cas), which is by far the most utilized
method. The premise of CRISPR/Cas centers on the cleaving of
one or both DNA strands by a Cas protein, an endonuclease, fol-
lowed by mending of the DNA by repair mechanisms inherent
in cells. Its user-friendly construct design, greater flexibility in
targeting genomic regions, and cost-effective attributes have
resulted in it being widely adopted and revolutionizing precise
modification of the genomes of many organisms. Indeed, the
CRISPR/Cas system has been utilized for gene editing in many
plant species, including important food crops, such as maize,
wheat, rice, and potatoes. This review summarizes the various
approaches, including the most recent designs being used to
make modifications from as small as a single-base-pair change
to insertion of DNA fragments. On the gene expression level,
strategies are presented that make it possible to knock out or
modulate through activation and repression. Also discussed are
prerequisites necessary for CRISPR/Cas-mediated editing as
well as the current challenges.

Genome or gene editing refers to a group of technologies
that provide the ability to precisely modify the DNA of an orga-
nism through the addition, deletion, or alteration of genetic
material. The development of gene editing technologies that
made it possible to target specific genome regions was like find-
ing the Holy Grail for plant genetic engineering and trait modi-
fication. Whereas gene delivery methods referred to as genetic
engineering are also used to alter genetic material, there is no
control over where integration occurs. However, genetic engi-
neering has played a critical role for studying gene function and
modifying traits at the molecular level. Site-directed genome
modification has evolved along with advances in gene delivery
methods and genome sequencing technologies. The evolution
of editing methodologies began by targeting genes in mamma-
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lian cell lines and in organisms such as bacteria and zebra fish;
however, as methods became available in these systems, they
were readily adapted for plant gene editing. The first approach
available exploited meganucleases to achieve targeted double-
strand DNA breaks in genomes of eukaryotes (1). Development
of sequence-specific nuclease-based technologies that fol-
lowed included zinc finger nucleases (ZFNs) (2), transcrip-
tional activator-like effector nucleases (TALENSs) (3), and,
most recently, clustered regulatory interspaced short palin-
dromic repeat (CRISPR)-associated protein (Cas), which was
designated CRISPR/Cas (Fig. 1A4) (4). Whereas each editing
methodology has been used successfully in plants, the focus
of this review will be on CRISPR/Cas, because it is by far the
most widely used approach in plants.

The foundation of the CRISPR/Cas gene editing system was
built based on the adaptive immune defense mechanism that
bacteria deploys in response to viruses and plasmids (4). The
CRISPR systems are categorized according to the Cas, resulting
in two classes, Class 1 and Class 2 (5). Class 1 is composed of
type I and type III Cas, found in Archaea, whereas Class 2 is a
compilation of types II, IV, V, and VI from different bacteria,
such as Streptococcus pyogenes, Lachnospiraceae bacterium,
and Francisella novicida (5, 6). In brief, CRISPR/Cas-mediated
editing is based on guidance of short RNA sequences, termed
guide RNAs (gRNAs), designed to complimentarily target DNA
that is then cleaved by a Cas endonuclease (Fig. 1B). The endo-
nuclease has a DNA cleavage recognition motif, referred to as a
protospacer adjacent motif (PAM). The Cas protein cleaves
DNA a few base pairs away from the PAM. Subsequent to the
first reports of successful editing in plants through application
of CRISPR/Cas, there have been many reviews that describe the
basics and mechanisms of this powerful tool for precise genome
modification (7-9).

CRISPR/Cas as with other methods of gene editing exploits
the two different types of DNA repair mechanisms nonhomol-
ogous end-joining (NHEJ) and homologous recombination
(HR) (Fig. 1B). NHE] is the primary repair mechanism in plant
cells, and its imprecise repair results in insertions or deletions
(indels) within a gene sequence, resulting in disruption of gene
expression (10). The knockout lines that are recovered are often
exploited for a reverse genetics approach to decipher gene
function. On the other hand, repair through HR is less frequent
in plant cells because it is significantly inefficient compared
with NHEJ (11). One of the advantages of using CRISPR/Cas,
especially as a mutational tool in plants, is that through
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Figure 1. Gene editing approaches, the CRISPR/Cas9 complex, and prerequisites for editing in plants. A, gene editing approaches and outcomes com-
pared with genetic engineering. B, the CRISPR/Cas9 complex showing target sequence and cleavage sites in the DNA. gRNA, guide RNA; PAM, protospacer ad-
jacent motif. Comparison of the DNA repair pathways, nonhomologous end joining (NHEJ), and homologous recombination (HR), involved in gene editing. C,
prerequisites that are needed before gene editing can be applied to plant species.

segregation in subsequent generations, progeny can be recov-
ered that contain only the mutation without the Cas protein or
other vector components integrated into the genome.

For genome modification with the CRISPR/Cas approach,
the simplest method to accomplish at this point in plants is
through the creation of indels that occur by the NHE] repair
system, but it is not as precise as HR. Achieving more preci-
sion to create a specific point mutation or insert a DNA
sequence into the genome by exploiting HR, however, is
much more challenging to achieve in plants than in other
organisms (7). Insertion of a DNA sequence, referred to as
homology-directed repair (HDR), requires the delivery of a
DNA repair template along with the CRISPR/Cas compo-
nents. However, the efficiency of HDR is low in plants, with
only one in 10°-10* transformation events, mainly because
NHE] is the primary repair mechanism in plants (12). The ef-
ficiency is not high enough for large-scale DNA insertion to
plant genomes to be routine, as is the generation of indels to
disrupt gene expression.

The early application of CRISPR/Cas was to induce indels to
disrupt gene expression in different organisms, including
plants, to facilitate gene function studies through a reverse
genetics approach and to modify various plant traits. The num-
ber of genomes modified by the creation of indels, including
some important food crops, such as maize (13), potato (14), rice
(14), tomato (15), and wheat (16), has grown enormously since
the very first reports of the application of CRISPR-mediated
editing in plants. There are many reviews that provide informa-
tion related to modified plant genomes with CRISPR/Cas-
mediated editing in addition to the traits of interest (17-19).
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Engineering efforts to expand the versatility of CRISPR/Cas
makes it possible to tailor modifications beyond disruption of
gene expression through the creation of indels, which is now
considered routine. New designs make it possible to modulate
gene expression, target RNA, modify the epigenome, and make
changes down to the single-base-pair level. Whereas some of
the most recent CRISPR/Cas tools and designs will be
described here, a complementary overview of the expanded
capabilities is presented by Adli (5).

Prerequisites for gene editing in plants

To accomplish gene editing in plants, knowledge of the genes
of interest (function, expression control, and timing of expres-
sion), availability of efficient DNA delivery methodology, and
genome sequence are all prerequisites (Fig. 1C). The knowledge
of the genes and their function are key to determining the type
of editing approach that would be best suited for the desired
outcome. For example, would a knockout of expression be suf-
ficient, or would transcriptional regulation of expression be
required? Gene editing in plants would not be possible without
established methodologies for DNA delivery into cells and the
subsequent recovery of modified plants, which forms the basis
of genetic engineering. Plant genetic engineering has been
achieved through various methods, including floral dip (20),
direct DNA uptake into protoplasts (21), delivery of DNA by
biolistics (particle bombardment) (22), and Agrobacterium-
mediated techniques (23). Each of these methods has advan-
tages and disadvantages that need to be considered when
choosing a delivery approach, because not all methods work,
or at least work efficiently enough for all plant species. For
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example, the floral dip method, which involves the dipping
of flowers at immature stages into a solution of Agrobacte-
rium tumefaciens that contains a gene construct and then
harvesting mature seeds, results in recovery of transgenic
plants of certain Arabidopsis ecotypes and its close relative,
Camelina sativa (20, 24). However, the floral dip method is
not applicable to many plant species, such as those clonally
propagated, and it is not consistently reproducible to make
it a realistic DNA delivery approach for other species (25).

A genome sequence provides the roadmap for selection of
target sites for the gene or region of interest, such as a promoter
and gRNA design based on PAM requirements for particular
Cas proteins. Availability of plant genome sequences provides
the foundation for application of the desired editing technolo-
gies described in this review. Depending on the gene or pheno-
type of interest, a genome sequence combined with the variety
of editing approaches allows researchers to make precise modi-
fications, ranging from a single base to insertion of DNA
sequences. Having a genome sequence also facilitates gRNA
design to target multiple gene copies with CRISPR/Cas. This is
certainly needed for polyploid (more than two sets of chromo-
somes) species. There have been reports of successful CRISPR/
Cas-mediated mutagenesis of multiple gene copies in several
polyploid plant species, including oilseed rape, a tetraploid (26),
and wheat, a hexaploid (27).

The first plant genome to be sequenced was Arabidopsis,
which serves as a valuable model species, and it took 10 years
to complete (28). However, as sequencing technologies have
evolved and improved, the time and cost of sequencing large
and complex genomes has decreased, making it more realistic
to sequence a larger number of plant genomes (28, 29).
Indeed, many of the genomes of major crop species have been
sequenced (30). However, depending on the plant species,
some are more difficult to sequence because of the large ge-
nome size, the level of heterozygosity and ploidy (more than
two sets of chromosomes), and the amount and structure of
repetitive DNA (28). These characteristics, which complicate
sequencing efforts, set plant genomes apart from other
organisms.

Utilization of CRISPR/Cas-mediated editing relies on both
the availability of DNA delivery systems into plant cells as well
as genomic resources. Whereas there might not be genome
sequence available for every plant cultivar of interest, a refer-
ence genome sequence could be used for gRNA design and
selection based on placement near the required PAM for cleav-
age by the Cas protein. gRNAs can be designed with this limited
genomic information, but possible variations in DNA, such as
single polymorphisms (SNPs) that might exist between a refer-
ence genome and a cultivar of interest, could lead to inefficient
editing. Therefore, the sequence of the gRNA designed for a
cultivar based on a reference genome should be analyzed to
determine whether there is any variation between the sequen-
ces (31).

Expanding the CRISPR/Cas toolbox

There has been a remodeling of the Cas protein, specifically
the protein designated SpCas9, or simply Cas9, which is from
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Streptococcus pyogenes. Generation of these protein variants
increased options beyond the ability to induce double-strand
breaks to now having a variant that cleaves only one strand,
referred to as a Cas9 nickase, and a variant that binds DNA but
does not cleave, referred to as a “dead” Cas9 (dCas9) (19). These
variants have been exploited for development of new designs
that make it possible to achieve modifications that range from
single-base-pair changes to exchanging of alleles (20, 21). These
and other CRISPR/Cas-related tools and designs are described
here (Fig. 2).

As the application of the CRISPR/Cas technology expands
for various purposes in different organisms, it is driving the de-
velopment of innovative designs that researchers can exploit to
achieve desired outcomes for their investigations. For example,
generation of new components has expanded the utility beyond
disruption of gene expression to CRISPR/Cas versions that
malke it possible to modulate expression through activation and
repression (5). To accomplish activation and repression, dCas9
is exploited for both applications, because it acts as a guide to a
target sequence but does not cut DNA. The early designs for
transcriptional activation fused the dCas9 with the VP64 tran-
scriptional activator, which is a synthetic complex of four cop-
ies of the herpes simplex virus VP16 transactivation domain
(32, 33). These reports demonstrated gene activation in human
cell lines.

Depending on the function of a gene, a complete knockout of
expression through the application of CRISPR/Cas can result in
undesirable effects, such as lethality and abnormal develop-
ment. In these situations, a decrease in expression level is more
desirable than a total disruption. Repurposing the CRISPR/Cas
system for knockdown or repression of gene expression led to
two different approaches. CRISPR interference (CRISPRi) was
first developed by Qi et al. (34) to knock down gene expression.
They accomplished this through coexpression of dCas9 and a
gRNA that resulted in a DNA recognition complex. This com-
plex interfered with binding of transcription factors, tran-
scriptional elongation, or RNA polymerase binding. In addi-
tion to demonstration of the effect on gene expression in
mammalian cell lines, they also demonstrated that the effects
were reversible. To improve upon the level of repression that
could be achieved, Gilbert and colleagues (35) found that by
fusing a repressor complex, such as the Kruppel-associated
Box (KRAB), to dCas9, the level of repression was increased in
yeast and human cell lines.

Utilization of the CRISPR/dCas9 approach has also been
used for transcriptional regulation of plant gene expression. A
recent review by Moradpour and Abdulah (36) provides a com-
prehensive overview of the plant species, targeted genes, and
type of regulation achieved. In general, the CRISPR/dCas9
transcriptional regulation reported for plants was based on
inclusion of plant-specific transcriptional effectors for activa-
tion or repression in combination with gRNAs and dCas9.
The transcriptional effectors enable RNA polymerase and
cofactor recruitment for regulation of gene expression (36).
Lowder et al. (37) developed a protocol for application of
VP64, as described above, for activation of plant gene expres-
sion and SRDX for repression.
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Figure 2. Examples of tools available for gene editing by CRISPR/Cas approaches. A, various Cas proteins including variants of CRISPR/Cas9. B, several
vector systems available for targeting multiple genes. Top, based on individual cassettes for gRNA expression that each requires a promoter. Middle, polycis-
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essing gRNAs all driven by one promoter. pro, promoter; gRNA, guide RNA; term, terminator; tRNA, tRNA; Csy4, CRISPR system yersinia RNase 4. C, prime
editing complex. PBS, primer binding site; RTT, reverse transcriptase template that contains the edit of interest; gRNA scaffold, contains the gRNA, CRISPR
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The Cas protein collection

The initially available and subsequently most widely used
Cas protein, Cas9, results in blunt-end cuts of the DNA a few
base pairs upstream from the recognized PAM sequence, 5'-
NGG-3' (n = A, T, G, and C) (19). Cas9 has been shown to be
effective in editing genomes of numerous organisms, including
plants, with some groups developing plant codon-optimized
versions depending on the species of interest. For example,
there are codon-optimized versions available for monocots (38)
and dicots (39). Monocots are plant species that have one coty-
ledon, which is the part of the germinating seed that will
become a leaf, whereas dicots have two cotyledons. There are
other distinguishing characteristics for each of these two
groups, but the number of cotyledons is the primary one.

The number of Cas proteins available has increased following
the reports of the first successful gene editing with CRISPR/
Cas9 because of efforts to find proteins with different PAM
requirements that translate into more flexibility for gRNA
design (Fig. 2A4). Some of these additional Cas proteins also
have different types of DNA cleavage, resulting in either blunt
or staggered ends (Table 1). The next Cas protein available after
Cas9, Cpfl, which is also referred to as Cas12a, has properties
different from those of Cas9. The PAM recognized by Cpfl is
5'-TTTN-3', and it generates a staggered DNA cleavage that
leaves four or five nucleotide overhangs (44). This type of cleav-
age has the potential to result in more efficient gene insertion
via HDR. The sources of Cpfl have been reported from several
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organisms, including Lachnospiraceae bacterium ND2006
(LbCpfl) and Francisella novicida (FnCpfl) (44). To test their
potential for higher-efficiency HDR in plants, Begemann
et al. (6) combined these nucleases with gRNA and template
repair DNA to demonstrate precise gene insertions in addi-
tion to indel mutations in rice. They found that when com-
bined with gRNA and template-repair DNA, both LbCpfl
and FnCpfl mediated both NHE] and HDR gene editing. This
was a significant contribution to the CRISPR/Cas toolbox,
because being able to achieve more efficient HDR for DNA
insertion broadens the capabilities to engineer genomes beyond
the creation of indels.

In a recent report by Ming et al. (42), they presented their
work on genome editing of rice with a more recently investi-
gated Cas protein, Cas12b (Cas-C2cl). They compared the effi-
ciency of Casl2b from different bacteria and found that the
Casl2b from Alicyclobacillus acidiphilus (AaCas12b), which
has a PAM site of 5'-TTN-3’, was more efficient at genome
editing in rice than Cas12b from Bacillus thermoamylovorans
and Bacillus hisashii. Their results also support the need to be
aware that although there are different sources of the various
Cas proteins, they might not all be applicable for plant genome
editing, and that some level of codon optimization might be
needed (42, 45, 46).

In addition to Cas proteins that cleave DNA, there is an
option, Cas13 (C2c2), which cleaves single-stranded RNA but
not double-stranded DNA and has been engineered to work in
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Table 1

Different types of CRISPR/Cas proteins that have been shown to be effective for plant genome editing

JBC REVIEWS: Gene editing in plants

Cas protein Source Nucleic acid cleavage PAM sequence Reference
spCas9 Streptococcus pyogenes DNA blunt ends NGG 40
FnCpfl (Cas12a) Francisella novicida DNA staggered ends TTTN 7
LbCpfl (Casl2a) Lachnospiraceae bacterium DNA staggered ends TTTN 7
AsCpfl (Cas12a) Acidaminococcus sp. DNA staggered ends TTTN 41
AaCas12b (C2cl) Alicyclobacillus acidiphilus DNA staggered ends TTN 42
LwaCas13 (C2c2) Leptotrichia wadei Single stranded RNA 43

mammalian and plant cells (43, 47). There is also a catalytically
inactive Cas13 available, termed dCas13, that binds RNA but
does not cleave (48). One promising utility of CRISPR/Cas13-
mediated editing of RNA is to modify noncoding RNAs
(ncRNAs), which are highly relevant in plants because they are
integral to a multitude of functions, such as gene expression
and protein complex assembly (49). Application of CRISPR/
Cas13 would expand the understanding of ncRNA involvement
in various processes and provide additional strategies for plant-
related research studies.

Base editing

To fine-tune modifications in genomes down to single-base-
pair changes, David Liu's group at Harvard University modified
the CRISPR/Cas9 design to facilitate the irreversible conversion
of one DNA base to another, which was termed base editing
(50, 51). An inactivated Cas9 (dCas9) that binds DNA but does
not cleave was fused to a cytosine deaminase (cytosine base edi-
tor, CBE), which converts a cytosine to uracil, resulting in a C-
to-T or G-to-A substitution within 5 bp of the dCas9 binding
site. Adenine base editors (ABE) that also contained dCas9
were designed to convert A to G or T to C through use of the
adenine deaminase APOBECI (51).

Base editing was first demonstrated in yeast and mammalian
cell lines, with new designs under development to improve ac-
tivity and allow more flexibility for single-nucleotide targeting
(52). Through modification of the base editing complexes, sev-
eral groups were able to achieve base editing in food crops such
as rice (53), tomato (54), and wheat (55). Although base editing
was achieved in these food crops, the incidence of off-targeting
or causing mutations elsewhere in the genome was unknown.
Therefore, Jin et al. (56) used whole-genome sequencing
(WGS) to assess off-targeting in rice plants recovered after
experiments that employed CBE and ABE designs. The WGS
results revealed that CBE designs resulted in more off-targets
than ABE, and they concluded that the CBEs need to be opti-
mized to increase the fidelity in plants. The total number of off-
targets categorized as C-to-T single-nucleotide variants were
504 and 632. To minimize the incidence of off-targeting, inves-
tigation would involve optimization of cytidine deaminase and
possibly the uracil glycosylase inhibitor, which is a conserved
DNA repair enzyme that removes uracil and initiates the base
excision repair mechanism (57).

DNA-free gene editing

Food products that result from the application of genetic en-
gineering methodologies are commonly referred to as GMOs,
genetically modified organisms. Genetic engineering is based
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on the introduction of DNA, often referred to as “foreign”
DNA. The DNA introduced might not always be from a plant
source, and this causes concern for some consumers. Gene
editing, especially the approaches that involve the creation of
indels, is expected to result in fewer concerns, because it is
based on direct modification of a plant's DNA and not the
introduction of foreign DNA. However, the current DNA deliv-
ery methods used for introduction of CRIPSR/Cas reagents do
involve the insertion of foreign DNA, including the Cas protein.
This leads to the development of a DNA-free gene editing
option driven by the need to have an approach where foreign
DNA was not introduced because of consumer concern and
multiple regulatory oversight requirements related to geneti-
cally engineered food crops (58). As a result, a system was
designed that involved delivery of a ribonucleoprotein that con-
tains the Cas9 protein together with a gRNA (CRISPR-Cas9 ri-
bonucleoprotein complex) instead of DNA plasmids that har-
bor genes for these components (59). An additional component
option is that a donor plant DNA sequence of interest can also
be included for insertion or replacement in the genome.

However, while this method is attractive from the standpoint
of assuaging consumer concern and decreasing regulatory scru-
tiny, one drawback is the amenability of this approach to the
methods used for gene delivery into plant cells. The methods
most amenable to this DNA-free approach are delivery into pro-
toplasts or by biolistics (particle bombardment) and not Agrobac-
terium mediated, which is the method that works efficiently for
the majority of crop species (60). It is difficult to regenerate plants
from protoplasts for most species, and the biolistics method only
works efficiently for a few species, such as maize and rice.

To investigate the effects of delivery methods on DNA-free
editing, Banakar et al. (61) compared three approaches, biolistic
RNP/DNA codelivery, biolistic delivery of CRISPR/Cas reagents
as plasmid DNA, and Agrobacterium-mediated delivery of
CRISPR/Cas reagents into mature-seed derived rice embryos
that were cultured on medium for 7 days. All three approaches
were successful at achieving the intended edits; however, both
biolistic delivery approaches resulted in more than 14% random
plasmid or chromosomal DNA fragment insertion at the
intended target sites, whereas integration of random DNA was
not observed with Agrobacterium-mediated delivery. These
results demonstrated both the importance of the delivery method
and the necessity for careful molecular assessment of recovered
edited lines to expose unwanted modifications.

Multiplex genome editing

Multiplex genome editing involves the simultaneous delivery
of multiple gRNAs within one CRISPR construct. The advantage
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of providing multiple gRNAs is that modification of several
related or unrelated genomic sites can be simultaneously targeted
through delivery of one CRISPR construct into plant cells. This
type of editing has been accomplished by designing constructs
that are a string of connected gene cassettes (Fig. 2B) (62). How-
ever, there are more simplified vector construction systems avail-
able that were specifically developed to reduce the complexity of
construct design to target multiple sites than those reported dur-
ing the early days of CRISPR/Cas-mediated editing (63).

The simplified multiplex vector systems streamline the
building of gene editing constructs to target multiple sites com-
pared with CRISPR/Cas vector systems, which would require a
series of cassettes, each containing a polymerase III promoter,
such as U3 and U6, gRNA, and terminator (62). This is all in
addition to separate cassettes needed for selectable marker and
Cas genes. Depending on the number of selected target sites,
this type of construction can be a challenge and lead to large
plasmids that would not efficiently transfer into plant cells by
gene delivery methods.

There was a reengineering of the design centered on individ-
ual gRNA expression cassettes by several groups that led to
additional options for multiplex editing. Two of the early multi-
plex editing vector systems were reported was by Xie et al. (64)
and Cermak et al. (65). The design developed by Xie et al. was
based on expression of a number of gRNAs from a single tran-
script. To accomplish this strategy, they relied on the endoge-
nous tRNA (decodes mRNA into protein) processing that cuts
both ends of tRNA precursors (Fig. 2B). They demonstrated
that a tandem structure of multiple tRNA-gRNAs in a polycis-
tronic expression cassette of a vector produced gRNAs with the
intended in vivo-targeted sequences that resulted in the cleav-
age of multiple chromosomal targets by Cas9 in rice. They
reported an efficiency of 100% in stable rice transgenic lines.
The system developed by Cermak et al. also simplified con-
struction for targeting multiples sites, because expression of
both the gRNAs and Cas9 is driven by one type of polymerase
promoter, polymerase II, which is a better characterized type
than polymerase III options found in plants.

Since these early reports, other multiplex editing vector sys-
tems have been designed for simultaneously targeting multiple
genes (65, 66). Cermak et al. (65) developed a toolkit that facili-
tates straightforward modular cloning for single or multiple
gene knockouts, including large chromosomal deletions, ho-
mologous recombination, and regulation of transcription. This
toolkit is readily available to groups interested in applying these
various approaches for CRISPR/Cas mediated in plants. In-
cluded in this toolkit is a multiplex editing approach based on
the CRISPR system yersinia RNase 4 (Csy4) (Fig. 2B) and the
tRNA system (Fig. 2B), described earlier. The Csy4 system
relies on gRNAs flanked by Csy4 excision sites that are proc-
essed by the Csy4 endonuclease (67). The multiplex systems
described to this point utilized Cas9 as part of the vector sys-
tems. However, a vector system designed by Zhang et al. (66)
includes Cpfl (Cas12a), which broadens the options for gRNA
selection because of the different PAM requirements compared
with those for Cas9. Their CPfl vector system is based on a
user-friendly, modular-unit design to be easily adapted for vari-
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ous editing applications, including knockouts, transcriptional
repression, and multiplex editing.

Prime editing

The most recent CRISPR development, termed prime edit-
ing, makes it possible to delete or introduce DNA sequences
with greater precision and flexibility in choosing target sites
and has been referred to as “search-and-replace” genome edit-
ing (68). The prime editing design contains the Cas9 variant
that nicks only one DNA strand and is referred to as a nickase.
A reverse transcriptase (RT) is fused to the C terminus of the
Cas9 nickase (Fig. 2C). This is combined with a gRNA called a
prime editing guide RNA (pegRNA). Based on the template, the
RT creates a new DNA strand that is inserted into the nicked
site in the genome created by the Cas9 variant. Anzalone et al.
(68) showed the efficacy of the search-and-replace approach
they developed in human cell lines and predicted that, in
theory, prime editing could be used to address approximately
“89% of known pathogenic human genetic variants.”

As with other gene editing technologies that have been devel-
oped, the first reports were focused on nonplant organisms, but
reports of successful application in plants shortly followed. The
same is true for prime editing, with several groups reporting
their results in rice soon after the report of this new editing
approach (69-71). For these studies, prime editing constructs
were introduced into rice protoplasts. Whereas they demon-
strated editing of the target DNA with this new approach, the
efficiencies were significantly lower than those reported for
human cell lines, indicating that further optimization is needed
for high-throughput editing of plant genomes. The efficiencies
reported to date for prime editing in rice range from 0.05-26%;
however, the largest number of experiments reported were in
the range of 2% or lower, which overall is an order of magnitude
lower than that reported for human cells (68-73). Based on
these results, it is clear that modifications will need to be made
to the prime editing design to improve the efficiency in plants.

Application of CRISPR/Cas editing for crop improvement-
potential and challenges

The earliest reports of CRISPR/Cas gene editing in plants
were for Nicotiana benthamiana and Arabidopsis, which are
utilized as model systems for various areas of plant-related
research (74). It was not surprising that the first reports were in
models because of the availability of robust editing prerequi-
sites: knowledge of genes from extensive functional studies,
efficient genetic engineering methodologies, and genomic
resources. Not long after these first reports in models, demon-
strations of CRISPR/Cas-mediated editing in some major crops
began to appear. The early reports in crop species focused on
proof-of-concept experiments to generate indels to disrupt
gene expression to demonstrate the feasibility of CRISPR/Cas-
mediated gene editing in crops that included rice (75), tomato
(76), and maize (77). Once there was demonstration that edit-
ing could be achieved at realistic levels, focus turned to editing
genes to affect important traits. Traits in these subsequent
studies included disease resistance in banana (78) and tomato

SASBMB



A
Crop Modified trait
Successful Rice —> Starch quality
editing Tomato —> Disease resistance
in crops Banana —> Disease resistance
Soybean —> Qil composition
Maize  —> Yield
B

+ Complexity of polygenic traits
(Yield, drought tolerance)
* Monitoring of unwanted effects
(Development, yield)
« Polyploid species
« Low efficiency of HDR and prime editing
+ Development of gene delivery systems
« Preference for DNA-free editing

Challenges for
gene editing
in plants

JBC REVIEWS: Gene editing in plants

3 bp
CRISPR/ | deletion

Cas =T

1

Figure 3. Application and challenges of CRISPR/Cas-mediated editing in plants. A, examples of gene editing in crop species and the corresponding trait
that was modified. B, challenges that can affect the ability to efficiently edit plant genomes. C, schematic of CRISPR/Cas-mediated gene editing of tomato DNA
for modification of plant height. Demonstration of how editing a gene responsible for plant growth can result in a deletion. The deletion knocks out the func-

tion of the gene resulting in a more compact growth habit.

(79), starch quality in rice (80), oil composition in soybean (81),
and yield in maize (82) (Fig. 3A).

Although there is excitement about the utility of CRISPR/
Cas as a tool to help advance crop improvement, there are
some challenges (Fig. 3B). Desired phenotypes, such as modifi-
cation of plant growth habit (Fig. 3C) (83) and fruit color (84),
were easily achievable by generating expression knockouts of
only one gene. However, traits such as yield and drought toler-
ance most likely would require more than one editing approach
to achieve the desired effect because of the complex interplay
of multiple genes, their expression levels, and timing of expres-
sion throughout growth and development.

Whereas mutagenesis with CRISPR/Cas to knock out gene
expression is viewed as routine in some plant species, it is not
as simple as the recovery of one ideal edited plant following the
introduction of the CRISPR/Cas components into plant cells.
Multiple edited plant lines need to be analyzed to first assess
that editing has actually occurred. The second assessment is to
determine that the intended phenotype alone was affected and
that there were no unintended negative effects on other plant
characteristics, such as development or yield. The number of
plants that would need to be evaluated also depends on the
ploidy level of the species because of the presence of multiple
gene copies that would need to be edited to achieve the desired
phenotype. In addition, the more complex genetic control
involved in a trait and the number of editing approaches
required to achieve the trait modification would increase the
number of plants needed to be assessed.

A further complication is that several editing strategies, such
as HDR and prime editing, are more challenging at this time
than the creation of indels, which is now viewed as routine in
many plant species. Further design modifications will be
needed to bring these other approaches for editing to a level
that will be realistic to affect more complex traits. These modi-
fications include, but are not limited to, codon optimization for
effective use in plants and strategies to overcome the predomi-
nant NHE] DNA repair pathway to achieve HDR for DNA
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replacement. In parallel, more efficient gene delivery systems
are needed for application of the various editing technologies.
As indicated in this review, several CRISPR/Cas approaches
work more efficiently with delivery by biolistics or DNA uptake
into protoplasts; however, these methodologies are not amena-
ble to all plant species.

Despite the challenges, there have been a significant number
of reports of CRISPR/Cas-mediated modifications of plant
traits, and there are multiple reviews that outline the accom-
plishments in a vast array of plant species (18, 85, 86). CRISPR/
Cas has also been shown to have potential to fast-track crop
improvement, especially of underutilized orphan plant species,
through what has been termed de novo domestication (83, 87,
88). Improvement of undesirable agronomic characteristics,
such as wild, sprawling growth habit and small fruit size, that
preclude adoption into agricultural production systems has the
potential to broaden options for food crops and provide addi-
tional sources of income for farmers.

Summary

The advent of gene editing technologies, especially CRISPR/
Cas, has significantly increased the possibilities for genome
modification to advance functional genomics, metabolic engi-
neering, biofortification, and crop improvement. There has
been steady development of new tools, such as Cas proteins,
and new approaches, such as base and prime editing, that
broaden the options to precisely fine-tune gene expression.
CRISPR/Cas has already proven to be a powerful tool for affect-
ing various plant traits that have the potential to benefit plant-
breeding programs focused on different areas of crop improve-
ment. Whereas there have already been exciting developments
in these areas related to CRISPR/Cas-mediated modification of
traits, it is important to note that gene editing is not a replace-
ment for traditional methods related to crop improvement;
rather, it is simply one of many approaches available to achieve
the desired outcomes. Edited plants, including the subsequent
next generations, need to be assessed on a large scale in
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multiple locations, as is done in plant breeding programs, to
ensure the modified versions are not inferior in performance,
namely, yield, to the nonedited counterparts. Plant breeders
routinely assess their plant material across different environ-
ments to make certain the traits of interest are stable. Edited
lines could also be used to enhance the variability in germplasm
(different plant types) collections that plant breeders rely on for
developing improved varieties. This can be thought of as
expanding the number of paint colors available to an artist.
Therefore, there will be a close interplay of plant breeding and
gene editing that will broaden as the various editing technolo-
gies become more efficient in a wider range of plant species.
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