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ABSTRACT
The clustered regularly interspaced short palindromic repeat (CRISPR)-associated protein 9 (Cas9)
genome editing system is a powerful tool for targeted gene modifications in a wide range of species,
including plants. Over the last few years, this system has revolutionized the way scientists perform genetic
studies and crop breeding, due to its simplicity, flexibility, consistency and high efficiency. Considerable
progress has been made in optimizing CRISPR/Cas9 systems in plants, particularly for targeted gene
mutagenesis. However, there are still a number of important challenges ahead, including methods for the
efficient delivery of CRISPR and other editing tools to most plants, and more effective strategies for
sequence knock-ins and replacements. We provide our viewpoint on the goals, potential concerns and
future challenges for the development and application of plant genome editing tools.
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INTRODUCTION
Genetic diversity is a key resource for genetic re-
search and trait improvement in plants. For thou-
sands of years, plant domestication relied on natu-
ral variations to select for favorable genetic changes.
During this process, the generation of genetic vari-
ants was completely uncontrollable and largely de-
pended on the environment of plant cultivation.

In order to create new varieties, breeders have
used different methods to introduce heritable mu-
tations into plant genomes. In the past century,
the use of various mutagens enabled rapid gener-
ation of large pools of genetic variation. Chemical
compounds and irradiation are common mutagens
used in traditional breeding programs to induce ran-
dom mutations. However, these methods have sev-
eral drawbacks, including the non-specific nature of
the generated mutations, the large amount of nu-
cleotides simultaneously mutated and sometimes
the deletion, duplication or rearrangement of large
genomic fragments [1]. As a consequence, the iden-
tification of mutations of interest is a long and labor-
intensive process. In addition, random mutagenesis
methods are usually less effective for trait improve-
ments in polyploid crops, given their formidable ge-
netic redundancy.

The development of sequence-specific engi-
neered endonucleases, the mega-nucleases, zinc
finger nucleases (ZFNs), transcription activator-like
effector nucleases (TALENs) and type II clustered
regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-associated protein 9 (Cas9),
has paved the way for targeted gene editing in plant
genomes [2].These programmable nucleases enable
the generation of double-stranded DNA breaks
(DSBs) in a site-specific manner. In eukaryotic
cells, the induced DSBs can be repaired either
via the error-prone end-joining pathway or via
the error-free homology-directed repair (HdR)
pathway [3]. Both pathways can be harnessed to
introduce gene modifications at the target loci.
However, the choice of repair pathway depends on
many factors including the phase of the cell cycle,
the nature of the DSB ends and the availability of
repair templates [4].

The most powerful gene editing tool available,
the well-developed CRISPR/Cas9 system, is an
RNA-directed DNA endonuclease adapted from
the bacterial immune system [5]. It is composed
of a CRISPR RNA (crRNA) molecule for tar-
get recognition, a trans-activating crRNA (tracr-
RNA) for crRNA maturation and a Cas9 protein
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for DNA cleavage. The crRNA-tracrRNA duplex
has been artificially fused into a chimeric single
guide RNA (sgRNA) to direct DNA cleavage by
the Cas9 protein [6]. Given the simplicity of this
two-component CRISPR/Cas9 system, it has been
widely adopted for research in eukaryotic organ-
isms, including plants [7,8].Theoretically, anyDNA
moleculewith sequence complementarity to the first
20 nt of the sgRNA can be a target, but DNA cleav-
age is only permitted when a G-rich (NGG) proto-
spacer adjacent motif (PAM) is identified at the 3′

end of the DNA targets (protospacer) [9].The orig-
inal CRIPSR system was developed from the bac-
terium Streptococcus pyogenes (SpCas9), but there
are nowmany Cas9 orthologs identified from differ-
ent bacterial genomes with diverse properties [10].
For example, a smaller Cas9 derived from Staphylo-
coccus aureus (SaCas9) aswell as aCas9derived from
Streptococcus thermophilus (StCas9) were shown to
work efficiently in plants [11]. In addition to type II
CRISPR/Cas9 systems, type V CRISPR/Cas12a
(also known as Cpf1) systems have also been har-
nessed for plant gene editing. Type V Cas12a sys-
tems are quite different from Cas9 systems in three
aspects. First, they recognize T-rich PAM sequences
(TTTN or TTN), which are located just upstream
of the non-complementary strand of the target. Sec-
ond, Cas12a proteins produce DSBs with 5 nt 5′

overhangs instead of the blunt ends produced by
type II CRISPR/Cas9 systems. Third, Cas12a can
process its own crRNAs from primary transcripts
of CRISPR arrays and no tracrRNAs are required
for crRNA maturation [12,13]. The unique proper-
ties of CRISPR/Cas12a systems make them a good
complement to CRISPR/Cas9 systems. Moreover,
to further expand the gene editing toolkit, engi-
neered Cas9 variants with altered PAM sequences
and improved cleavage specificity have been devel-
oped [14]. For example, phage-assisted continuous
evolution has been used to produce an ‘evolved’
xCas9 protein that can recognize a broad range of
PAM sequences and reduce the generation of off-
targets in the human genome. Recently, a more ef-
ficient SpCas9 variant compatible with ‘NG’ PAM
was obtained via structure-directed evolution strate-
gies [15], and this Cas9-NG-derived editing tool has
been shown tobe effective inplants [16].Many stud-
ies have shown that new tools originally developed
for animal systems can also work efficiently in plant
cells [17–19].

The outcomes of CRISPR-induced DSBs re-
paired by the end-joining system are mostly small
insertions and deletions (indels), in the absence of
donor templates [20]. Hence, CRISPR tools are
most commonly used as a biological mutagen to in-
duce the generation of out-of-frame mutations in

genes of interest. This application of CRISPR/Cas9
largely facilitates the production of heritable gene
mutations for reverse genetics studies and crop
breeding, especially when multiple genes need to be
mutated simultaneously. Although targeted gene re-
placements or integrations can also be obtained us-
ingCRISPR/Cas9 systems, the frequency is still very
low.

Taking advantage of the high mutagenesis ef-
ficiency of CRISPR/Cas systems, another impor-
tant application of this technology is in the realm
of forward genetics studies. The development of
CRISPR/Cas systems allows the simultaneous and
random modification of functionally redundant or
related genes by customizing a guide RNA library.
So far,CRISPR/Cas systemshave beenharnessed to
generate customized mutation libraries at a genome
scale in human cell lines and many other species in-
cluding rice [21–23].The size and nature of the cus-
tomized guideRNA library canbe very flexible, rang-
ing from a few genes in a specific gene family to a
large number of genes suspected to be involved in
broad genetic pathways, depending on the research
purpose. Compared to the traditional random mu-
tagenesis methods, the use of CRISPR mutation li-
braries can be very focused, hence decreasing work
load and cost in genetic screens. Moreover, unlike
randommutagens, CRISPR systems recognize their
targets via base pairing, therefore gene mutations
that induce interesting phenotypes can be readily
traced by identifying the corresponding guide RNA
sequences.

Despite the enormous potential of CRISPR and
other gene editing tools, significant challenges re-
main if this potential is to be fully realized. Some of
the challenges have to do with technical innovations
needed for effective delivery of the editing tools and
for precise gene editing, while others come from the
social environment, such as government policies and
public acceptance.

CONCERNS ABOUT GENE EDITING
Are gene-edited plants ‘genetically
modified organisms’?
Since the first use of CRISPR/Cas9 for plant gene
editing in 2013, this powerful tool has been quickly
adopted by the research community and greatly
boosted the study of plant genetics [24]. In contrast,
its application in crop breeding is still hampered by
several concerns. There is controversy surrounding
the technology in parts of the world, not the least of
which focuses onwhether gene-edited plants should
be considered ‘genetically modified organisms’
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(abbreviated commonly as GMOs), as defined
previously for transgenic organisms.

All trait-improved crops have arisen from genetic
and/or epigenetic variations. To accelerate the gen-
eration of variants for human consumption, phys-
ical or chemical mutagens, such as radiation and
ethylmethanesulfonate, havebeenwidely used to in-
duce changes in plant genomes for many years [25].
In 1983, the first transgenic plants were generated
using disarmed Agrobacterium tumefaciens strains,
whose tumor-inducing elements in Ti plasmids had
been replaced by antibiotic resistance markers [26].
This technology enabled the integration of exoge-
nous DNA fragments, called transgenes, into host
plants to confer a new property, e.g. herbicide or
insect resistance, yield increase or quality improve-
ment. Organisms produced in this way are called
GMOs. Although these transgenic crops have con-
tributed to the improvement of agriculture produc-
tion, they became associated with unsubstantiated
concerns over food and environmental safety. As a
consequence, strict regulatory frameworks and ex-
haustive risk assessment processes were imposed
on GMOs in many countries [27]. With the emer-
gence of gene editing tools, there is a need to re-
consider the current definition of GMOs and corre-
sponding regulatory frameworks, since the genome
modifications achieved by gene editing methods are
very different from those of transgenic technology.
Firstly, most of the CRISPR-induced gene muta-
tions are small indels rather than large fragment in-
sertions or rearrangements [20]. Such small indel
variations are frequently present in plants grown
under natural conditions and can also be induced
at a large scale using radiation or chemical muta-
gens [25]. Second, unlike traditional GMO plants,
which require the presence and stable inheritance of
transgenes in the genome, trait-improved plants cre-
ated using CRISPR and other gene editing tools can
be transgene-free. To obtain transgene-free plants,
CRISPR constructs can be transiently expressed in
plant cells, without any DNA integration into the
genome, or CRISPR constructs can be stably incor-
porated and expressed but then removed by genetic
segregation. Alternatively, CRISPR systems can be
delivered into plant regenerative cells without DNA
constructs using in vitro transcripts or ribonucleo-
proteins (RNPs).

There is no internationally accepted regulatory
framework for gene editing. As an example of two
opposite regulatory policies, the US Department of
Agriculture has determined that gene-edited crops
are exempt from regulation [28], while the Euro-
pean Court of Justice has recently ruled that gene-
edited products should be treated like traditional
GMOs, which are subjected to very strict regulation

in the European Union [29]. For many countries, a
clear regulatory policy has not been developed for
gene-edited crops. Gene-edited plants can be con-
sidered as products of biological mutagenesis, much
like chemical and radiationmutagenesis widely used
in conventional plant breeding. In our opinion,
transgene-free gene-edited plants should be treated
in the same way as plants bred by conventional
chemical or radiation mutagenesis, and should not
be subjected to special regulatory policies. An im-
portant consideration in the implementation of reg-
ulatory policies is the ability to identify the regu-
lated organisms (GMOs).Thewidespread adoption
of genome editing technologies bring serious techni-
cal challenges to the regulatory authorities, as it can
be impossible to differentiate the edited events from
natural or chemical/radiation-induced mutants.

Much like the nuclear fission technology that can
be used to generate electricity to benefit mankind or
to make nuclear bombs for human destruction, the
revolutionary CRISPR gene editing technology can
bring enormous benefits to humans through appli-
cations in crop breeding, or cause fear and ethical
disaster when used tomake ‘CRISPR’d babies’ [30].
Clearly, science-based regulatory policies that treat
gene-edited crops the same way as crops from con-
ventional mutagenesis breeding are needed to en-
courage the application of gene editing technologies
for crop breeding to feed the growing population in
the world.

Off-target mutations
The specificity of CRISPR/Cas9 systems is a ma-
jor concern in the application of CRISPR tools
for targeted gene editing, especially in the field of
gene therapy in humans. Some studies in mam-
malian cells and other systems have shown that
Cas9/sgRNA complexes often have the ability to
cut DNA sequences with an imperfect match to
the guide sequences [31,32], while others have
shown moderate or low off-target activity [32,33].
In plants, when whole-genome sequencing was ap-
plied to detect off-target mutations in Arabidop-
sis [34], rice [35,36] and tomato [37], very lim-
ited off-target effects were identified. Any potential
off-target sites can be largely avoided by design-
ing guide RNAs with high specificity using soft-
ware tools, such as CRISPR-P [38] and CRISPR-
GE [39]. In general, the nucleotides in the PAM
and PAM-proximal sgRNA sequences are crucial
for target recognition, while PAM-distal sequences
can tolerate some, but not many, mismatches [32].
Moreover, the specificity of CRISPR systems can
be further improved by using engineered Cas9
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variants, such as enhanced-specificity Cas9s (eSp-
Cas9) [40], high-fidelityCas9s (Cas9-HF) [41] and
xCas9 [42].

Compared to medical applications, the off-target
activity of CRISPR systems in plant cells is less con-
cerning. In gene function studies in plants, off-target
effects might interfere with the analysis and inter-
pretation of the results, making it necessary to as-
certain whether there is any off-target mutation in
the genome affecting the phenotype of interest. Any
unwanted mutations can be segregated out through
genetic crosses. In a segregating population, a cor-
relation between the phenotype and genotypes of
on-target and off-target can be established in pro-
genies. When gene editing tools are applied to crop
breeding, off-targetmutationsmayhave either a neg-
ative, no (neutral) or positive effect on agronomic
traits. Plants with negative-effect mutations are nat-
urally discarded during the breeding/selection pro-
cess or, alternatively, the negative-effect mutations
can be segregated out during sexual reproduction.
However, if the off-target mutations have neutral
or positive effects on the trait(s), they can be re-
tained in the newly bred lines. Therefore, similar
to traditional breeding using physical and chemi-
cal mutagens where numerous mutations are gener-
ated, there is no need to be concerned with any off-
target effects, because the breeding process selects
for plants with mutations having positive or neutral
effects, regardless of whether the mutations are due
to on-targets or off-targets.

CHALLENGES AND PROGRESS
IN PLANT GENE EDITING
Engineered CRISPR systems are quickly becoming
more efficient, flexible and precise to meet multiple
requirements for targeted gene modifications. Al-
though thesedevelopments arepaving theway tode-
signdreamplants for the future,many challenges still
remain.

How to deliver gene editing tools
into regenerative plant cells?
Since the first application of a disarmed Agrobac-
terium strain for plant transformation in 1983,
the Agrobacterium-mediated genetic transformation
method has become the most commonly used gene
delivery technique in a number of plant species.
This technique is very robust and simple to use, es-
pecially for Arabidopsis and some related crucifers.
Transgenic plants can be obtained efficiently via sex-
ual propagation by screening for antibiotic-resistant
seedlings from Agrobacterium-infected flowers. For

plant expression, the engineered CRISPR systems
need to be transcribed using plant-optimized gene
transcription modules and inserted into the T-DNA
region of a binary vector [43]. Although the intro-
duced CRISPR constructs are very effective, it is al-
most impossible to avoid the generation of chimeras
in theT1generation, unless successful genomemod-
ifications are produced at the zygote stage [44,45].
Therefore, to generate heritable genome modifica-
tions, the CRISPR cassettes need to be expressed
in germline cells or meristematic cells that have the
potential to generate germline cells [46]. In gen-
eral, promoters with strong expression in meristem-
atic cells are preferred to generate heritable gene
mutations in the progeny of first-generation trans-
genic plants. It also worth mentioning that the in
planta expression of the introduced CRISPR/Cas
systems can be regulated not only that the transcrip-
tional level, but also at the post-transcriptional level
[47]. Therefore, the chance of obtaining heritable
gene mutations can be further improved if the post-
transcription gene silencing pathway is suppressed.

However, for most other plants, the flower dip-
ping in planta transformation method is not feasi-
ble. Therefore, it is necessary to regenerate trans-
genic plants from explant-derived calli. Agrobacteria
and biolistic particle bombardment both can be very
effective in delivering CRISPR constructs into cul-
tured plant cells [48]. Considering that genetically
modified plants are regenerated from transformed
cultured cells, the gene editing efficiency of CRISPR
systems can be optimized either by using strong
constitutive promoters or by extending the culture
period [49]. Transgenic plants containing homozy-
gous or biallelic gene modifications can even be ob-
tained in the first generation after tissue culture, ac-
celerating the application for crop breeding [35,50].

When these plant genetic transformation meth-
ods are used to deliver theCRISPR/Cas9 constructs
into plant cells, some people may be concerned
about the presence of transgenes during the edit-
ing process, even though the final products can be
made transgene-free [51]. To avoid such concern,
an alternativemethod is to deliver in vitro transcripts
of CRISPR modules or assembled Cas9 RNPs into
regenerative cells [52]. However, due to the pro-
tective effect of the cell wall, direct cell injection or
transfection methods, such as microinjection, lipo-
fection or electroporation, are not usually suitable
for intact plant cells. Nevertheless, there are so-
lutions to this problem, as in the case of lettuce,
where Cas9 RNPs can be introduced into wall-less
protoplasts followed by tissue regeneration [53].
Direct delivery of Cas9 RNPs or In vitro Tran-
scription (IVTs) into young embryos of maize and
bread wheat has also been achieved using biolistic
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bombardment [54,55]. Although the use of IVTs
and RNPs alleviates concerns about the random in-
tegration of foreign DNA fragments, the procedure
of tissue regeneration fromprotoplasts and the iden-
tification of gene-edited plants frombombarded em-
bryos can be very costly and laborious. So far, these
transgene-independent techniques are only feasible
with very few plant species and varieties.

How to deliver gene editing tools
into non-transformable plants?
The biggest hurdle for the application of plant
gene editing technologies is the lack of a powerful
cell delivery method into reproductive cells, which
could be readily and widely applied to diverse plant
species, especially recalcitrant species that are diffi-
cult or impossible to regenerate through tissue cul-
ture.

In the past decade, nanotechnology has had a
profound impact in a variety of fields, includingman-
ufacturing, energy andmedicine. However, its appli-
cation to plant science, especially using nanocarri-
ers to deliver chemicals and biomolecules into cells,
is still a new research area. Compared to mam-
malian cell systems, nanoparticle (NP)-mediated
plant biomolecule delivery is more challenging, ow-
ing to the presence of the plant cell wall. SeveralNPs,
such as carbon nanotubes [56], mesoporous silica
NPs [57] and metal/metal oxide NPs [58] can tra-
verse the plant cell wall and be taken up directly by
plant cells, while other NPs, such as gold NPs, mag-
netic NPs and some composite NPs, require exter-
nal aids to assist in their penetration [59].NPuptake
and permeability throughout plant tissues is limited
by cell wall pore diameters. The cell wall is com-
monly thought to exclude particles>5–20nm;how-
ever, NPs ≤ 50–200 nm were reported as cell wall
permeable with external aids [60].

To utilize NPs for in planta genetic engineer-
ing, the core problem is how to deliver preloaded
NPs into plant reproductive cells. Recently, mag-
netofection, a method using magnetic NPs as DNA
carriers, has been used to deliver foreign DNA
into cotton pollens [61]. After pollination using the
transfected pollens, stably transformed plants were
obtained in progenies at a frequency of about 1%. If
reproducible, this studymight open the door to gen-
erate heritable gene modifications in a wide range of
flowering plants using magnetofected pollens. Nev-
ertheless, a possible limitation of this method is its
reliance on the presence of multiple pores in the
pollen for the NPs to enter. In addition to pollen
grains, other germline cell-containing tissues and
meristematic tissues may also be targeted for NP-
mediated delivery of genes or proteins, since gene

modifications in these tissues may be transmitted
to the progeny, although efficient delivery of NPs
into these reproductive cells can be very challenging,
considering that they are usually hidden by multiple
outer tissue layers.

How to do multiplex editing with
high efficiency?
With the explosion of genome sequencing data,
gene functional studies have becomemore andmore
dependent on reverse genetic strategies. In plants
like Arabidopsis, forward genetics approaches have
led to the identification of the genetic functions of
many genes over recent decades [62]. However,
phenotypes contributedby redundant genes areusu-
ally missed by forward genetics screens. The use of
CRISPR has allowed the simultaneous targeting of
multiple genes, facilitating the analysis of function-
ally redundant genes by reverse genetics.

CRISPR systems can be engineered to target
multiple genes with homologous sequences using
only one or two sgRNAs for target recognition.
However, if no sequence similarity exists in the tar-
get genes, specific sgRNAs will be required for each
target. In animal systems, the coding sequences or
transcripts for multiple sgRNAs can be separately
prepared and mixed together before cell delivery
[63]. However, the common plant transformation
methods, such as Agrobacterium-mediated genetic
transformation and biolistic bombardment, are sel-
dom used for co-transformation of multiple vectors
due to the low efficiency of co-delivery. To achieve
multiplex targeting, it is necessary to co-expressmul-
tiple sgRNAswithin a single construct.The twomost
common strategies (Fig. 1) to achieve this purpose
are explained below.

Two-component transcriptional unit systems
In this strategy, the expression of Cas9 and sgRNAs
is driven by separate transcriptional regulatory units.
To achievemaximal expression in plants, strong pro-
moters are usually recommended for the sgRNAs
and Cas9. RNA polymerase (Pol) II-dependent
promoters with strong expression in reproductive
cells or corresponding ancestor cells are good candi-
dates for the control of Cas9 expression. In contrast,
the non-coding sgRNAs are more suited for tran-
scriptional control by Pol III-dependent promoters,
such as the U6 and U3 promoters, which produce
very precise transcripts and are highly active in the
majority of cell types [8]. Many research groups
have shown the potency of CRISPR-directed
multiplex targeting by stacking a set of sgRNA
expression modules into a single binary vector
[50,64]. Successful assembly of up to eight sgRNAs
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Figure 1.Multiplex gene editing systems in plants. (A) Vector systems developed for multiplex gene editing in plants. Pol II/III
pro: RNA Pol II- or III-dependent gene promoters; gRNA: guide RNA; Cas9/Cas12a: Cas9 or Cas12a coding sequences; Ter:
terminator; RCS: RNA cleavage sequences; Poly A: polyadenylation sequences; 5′UT-R: 5′ untranslated region. (B) Strategies
used for co-expressing multiple guide RNAs within a single RNA transcript. Csy4: CRISPR/Cas Subtype Ypest protein 4; TRsV
ribozyme: a ribozyme derived from the tobacco ringspot virus; HDV ribozyme: a ribozyme derived from Hepatitis delta virus;
tRNA: transfer RNA.

within single CRISPR vectors has been reported
[50,65,66].

To enable the efficient co-expression of multiple
sgRNAs, they can be expressed separately using dif-
ferent Pol III-dependent promoters [50,67]. Con-
sidering that the multiple sgRNA modules are usu-
ally connected in tandem inplant expression vectors,
such a design helps to reduce the sequence repeti-
tiveness of CRISPR constructs and thus reduce the
potential for silencing.Another option is to assemble
themultiple sgRNAs into a single transcription unit.
In this case, theprimary transcriptmust beprocessed
to generate multiple mature sgRNAs [65,66]. This
strategy makes use of self-cleaving RNAs or cleav-
able RNA molecules, such as the csy4, ribozyme
and tRNA sequences, to process the primary tran-
script into multiple sgRNAs (Fig. 1). Either of the
two strategies described above are quite efficient in
plants, highlighting the robustness of CRISPR sys-
tems to achieve multiplex gene editing.

Single transcriptional unit systems
Toexpress functionalCRISPR/Cas9 systems in spe-
cific plant cells or developmental stages, it is im-
portant to synchronize the expression patterns of
sgRNAandCas9, especially when targetingmultiple
genes.This can be accomplished by using inducible,
or tissue- and development-specific promoters to

drive the expression of sgRNA and Cas9 within a
single primary transcript. To allow processing of
the primary transcript into functional sgRNA and
Cas9 subunits, the above-mentioned self-cleaving
RNA molecules can be constructed into the in-
trons or untranslated regions to direct the gener-
ation of functional CRISPR components [68,69].
However, several studies have reported successful
targeting of multiple genes in rice using an even sim-
pler single-transcriptional unit (STU) system, with-
out any cleavable RNA sequences [70,71].The edit-
ing efficiencies of the simplified STU systems were
comparable to those separately expressing sgRNA
and Cas9 transcripts. Although the mechanism be-
hind this observation is still not very clear, it is pos-
sible that sgRNAs can be released from the pri-
mary transcripts with the help of Cas9 and/or plant
endogenous RNA processing proteins. The use of
these STU systems is expected to further increase
theflexibility and throughput ofCRISPRsystems for
multiplex gene editing.

How to perform precise gene editing
in plants?
Targeted DNA sequence integration or replace-
ment, also known as gene targeting, is a precise gene
editing technology based onHdR.TheHdR process
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Table 1. Summary of CRISPR-based plant precise gene editing systems.

Species Transformation Donor Promoter Nuclease Target Selection GT efficiency Reference

Arabidopsis Agrobaterium BeYDV replicons PcUBI Cas9/Cas9n GL1 None 0.0% [105]
T-DNA Cas9 0.1%

Arabidopsis Biolistic CaLCUV replicons 35S ZFN ADH1 None 4.3% [79]

Arabidopsis Agrobaterium T-DNA PcUBI Cas9/Cas9 ADH1 Allyl alcohol 0.1% [75]
Arabidopsis Agrobaterium T-DNA PcUBI Cas9/Cas9n ALS Imazapyr 0.14–0.3% [82]

AtYao 0.1%
AtEC1.1/1.2 0.05–0.97%

Arabidopsis Agrobaterium T-DNA AtDD45 Cas9 ROS1 None 6.3–8.3% [81]
DME 5.3–9.1%

Tobacco Agrobaterium BeYDV replicons 35S TALEN/Cas9 ALS Kanamycin [79]
ZFN GUS NA

Tomato Agrobaterium BeYDV replicons 35S Cas9 ANT1 Kanamycin 3.65–11.66% [106]
TALEN 4.67–9.65%

T-DNA TALEN 1.3%

Tomato Agrobaterium BeYDV replicons SlUBI10 Cas9 ctisto None 25.0% [107]
Soybean Biolistic DNA vector EFLA2 Cas9 DD20 Hygromycin 4.6% [108]

DD45 Hygromycin 3.8%

Potato Agrobaterium BeYDV replicons 35S Cas9 ALS Kanamycin 32.2% [109]
TALEN 34.5%

Maize Biolistic DNA vector ZmUBI Cas9 ALS2 Chlorsulfuron 0.2–0.4% [76]
ssDNA

Agrobaterium T-DNA LIG1 Bialaphos 2.5–4%
ALS Chlorsulfuron 4.2%

Rice Biolistic DNA vector ZmUBI Cas9 ALS Bispyribac 90.6% [77]
Agrobaterium 75.0%

Rice Agrobaterium T-DNA 35s Cas9 ALS Bispyribac 0.147–1% [110]

Rice Agrobaterium WDV replicons ZmUBI Cas9 GST 19.4% [42]
ACT1 7.7%

T-DNA GST 6.8%
ACT1 0.0%

Rice Agrobaterium Chimeric sgRNA OsUBI Cas9 ALS Bispyribac 2.1% [111]

Rice Biolistic DNA vector 35S FnCas12a CAO Hygromycin 3–8% [112]
LbCas12a 0–3%

Rice Biolistic DNA vector ZmUBI Cas9 NRT1.1B None 6.7% [78]

Rice Biolistic DNA vector ZmUBI LbCas12a ALS Bispyribac 11.1% [113]

Maize Biolistic DNA vector ZmUBI Cas9 ARGOS8 None 0.9% [114]

Wheat Biolistic WDV replicons ZmUBI Cas9 MLO GFP 3.2–6.4% [115]
EPSPS 4.7%

BeYDV: bean yellow dwarf virus; CaLCUV: cabbage leaf curl virus; WDV: wheat dwarf virus; ssDNA: single-stranded DNA; PcUBI: parsley
ubiquitin promoter; SlUBI10: tomato ubiquitin10 promoter; EFLA2: soybean elongation factor gene promoter; ZmUBI: maize ubiquitin promoter.

facilitates the exchange of homologous DNA frag-
ments between parental chromosomes to increase
genetic variation. To harness this process for precise
gene modification, the most popular strategy is to
introduce DNA templates flanked by sequences ho-
mologous to the target site into reproductive cells.
In recent decades, gene targeting has been widely
adopted for genetic engineering inmammalian cells;
however, due to the lowHdR frequency and the lack
of an efficient donor DNA delivery method, it has
rarely worked in plants [72].

A critical step to initiate theHdRrepair process in
plant cells is to induce the generation of aDSB at the
targeted gene locus [73]. With the development of
CRISPR, this step can be achieved easily in a broad
variety of cell types. CRISPR-mediated precise gene
editing has been achieved successfully in multiple
plant species (Table 1). A commonly used strategy
is to engineer a donor templatewith the desired gene
sequence change(s) between two homology arms
[74]. To avoid the cleavage activity of CRISPR sys-
tems on the donor template, the targeted site within
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Figure 2. Precise gene editing using CRISPR systems. In the presence of a donor DNA template, precise gene editing can be
accomplished via three different DSB repair pathways. The donor templates are supplied mainly in three forms: linearized
double-stranded DNA, circular plasmids and single-stranded DNA (ssDNA) replicons. To facilitate the release of donor tem-
plates from the backbone, an sgRNA target is usually fused to each end of the DNA template. When the CRISPR-mediated
cleavage of the gene target and donor template are synchronized, targeted gene replacement can happen via three different
repair pathways. For HdR and Single-stranded Anneal (SSA) pathways, the integration of donor templates into gene targets
can be seamless owing to the base pairing between their homologous sequences. With the end-joining (EJ) pathway, indels
are usually induced at the junctions of swapped sequences. The sgRNA binding sites within the gene targets and donor
templates are indicated in green. The PAM motifs are shown in orange. The anticipated gene mutations within the donor
templates are highlighted in yellow. The indels induced by end-joining repair are shown in red.

the donor template is usually mutated.The length of
the homology arms flanking the inserted or replaced
fragments need to be optimized in the context of the
targeted genes.The donor template can be included
in the plasmid containing the CRISPR cassette or
built into a separate plasmid for delivery depending
on the transformation method. True gene targeting
events are usually screened in transgenic lines us-
ing selection marker genes or PCR-based genotyp-
ing approaches (Fig. 2).

The first described CRISPR-directed gene tar-
geting event was achieved in the Arabidopsis Alco-

hol Dehydrogenase (ADH1) gene via Agrobacterium-
mediated genetic transformation [75]. To facilitate
the recombination process, additional sgRNA tar-
get sequences were added to both ends of the donor
template, located within the same vector as the
CRISPR cassette. In total, two stable gene-targeted
(GT) lines were identified out of approximately
1400T2 seedlings. A similar editing frequency (0.2–
0.4%) was obtained when the maize Acetolactate
Synthase (ALS) gene was targeted using three differ-
ent donor templates (a double-stranded vector and
two single-stranded oligonucleotides) [76]. Each
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templatewas introduced into immature embryos us-
ing biolistic bombardment along with the CRISPR
construct at a 1:1 ratio. However, Agrobacterium-
mediated transformation achieved much higher
gene targeting frequencies (2.5–4%) of the endoge-
nous LIGULELESS1 (LIG1) locus. Precise GT was
achieved at high efficiency in the rice ALS gene (48
homozygous lines were obtained from 52 herbicide-
resistant calli) when two sgRNAs were used for tar-
get recognition. Further, the ratio of CRISPR con-
struct anddonor templateDNAwas adjusted to1:20
for plant transformation via biolistic methods [77].
This strategy has been used to modify other plant
endogenous genes, although at a much lower fre-
quency. The gene targeting frequency of the rice ni-
trate transporter geneNRT1.1B reached 6.7% in T0
plants, even though no selection marker was used
[78].

Unlike particle bombardment strategies, which
are quite flexible at optimizing the ratio of CRISPR
components and donor templates, the use of
Agrobacterium-mediated transformation for plant
gene targeting is limited by the abundance of DNA
molecules delivered into plant cells. To overcome
this problem, Baltes et al. first reported the use
of geminiviral replicons for plant gene targeting
[79]. The engineered DNA replicons contain two
cis-acting elements, a long intergenic region and
a short intergenic region, which are recognized
and regulated by the replication-initiation proteins
Rep and RepA. Once delivered into plant cells
using Agrobacterium-mediated transformation, the
engineered replicons could produce up to ∼6000
copies of the gene per cell within 5 days through
rolling-cycle replication [79]. Due to the size limit
of the DNA cargo, this viral replicon was used
for the delivery of sgRNAs and donor templates
(<800 bp), but not the Cas9 gene, into host plant
cells. GT plants have been regenerated from viral
replicon-infected rice, wheat and some Solanaceous
cells [42,80]. Nevertheless, the identification of
the GT plants still relied on selection for antibiotic
resistance genes at the targeted loci and the few
gene targeting events that did not rely on selection
markers displayed extremely low frequencies,
limiting the usefulness of these approaches.

However, inArabidopsis, two studies have shown
that CRISPR systems using Cas9 under the control
of the egg cell- and early embryo-specificDD45 gene
promoter can improve the frequency of targeted
gene knock-in and sequence replacement via HdR
[81,82]. In one of the studies, the donor templates
and the CRISPR cassettes were constructed into the
same vector for plant transformation. Compared to
other promoters, the egg cell-specific (EC1.1) pro-
moter was found to be more efficient for gene tar-
geting of the ALS gene. In the T1 generation, 55 out

of 74 lines (74%) generated heritableGT events and
the majority of the lines segregated for herbicide-
resistant T2 plants at a range of 1% [82]. In a dif-
ferent study, the DD45 promoter-driven Cas9 gene
was assembled in a vector for plant transformation
and expression before the delivery of donor tem-
plates and sgRNAs for precise gene targeting in sub-
sequent generations [81]. Two endogenous DNA
glycosylase genes, Repressor Of Silencing 1 (ROS1)
andDEMETER (DME), were targeted for green flu-
orescent protein (GFP) fusion or fragment replace-
ment using this sequential transformation strategy.
Successful gene targeting events were identified at
a frequency of 5.8–9.1% using bulked T2 popula-
tions and positive individuals were shown to segre-
gate at a frequency of 6.5%–88.3% from candidate
T2 populations. This frequency is remarkable con-
sidering that no selection marker was used to assist
the screening for GT plants.

In addition to the aforementioned methods,
many interesting approaches tested in bacteria and
mammalian cells have not been used in plants
yet. In view of the fact that the cleavage activ-
ity of CRISPR/Cas9 systems is quite high in vivo,
it is thought that one of the rate-limiting steps
in precise gene editing can be the availability of
repair templates. To increase the accessibility of
donor templates to induced DSBs, a possible strat-
egy is to tether the DNA repair templates to the
CRISPR/Cas9 RNP. The assembly of such ternary
complexes is usually performed in vitro before cell
transfection to guarantee the co-localization of all re-
quired gene editing components at the targeted site.
Theoretically, either guide RNAs or Cas9 proteins
can be the object for tethering, but the repair effects
of different complexes might be affected by their
spatial configuration resulting from different link-
age methods. For example, an sgRNA-fused RNA
aptamer-streptavidin module, termed S1mplex, was
engineered to bridge CRISPR-Cas9 RNPs with a
biotinylated nucleic acid donor template. Such tai-
lored S1mplexes increased the ratio of precisely
edited to imprecisely edited alleles up to 18-fold
higher than standard RNP methods; however, the
total HdR percentage did not seem to be improved
[83]. Other studies showed that covalent linkage of
donor templates to the Cas9 protein via a SNAP
tag [84] or Porcine Circovirus 2 Rep protein [85]
enhanced the HdR efficiency by up to 24- and 30-
fold, respectively. Moreover, in the latter case, no
chemical modification of the DNA repair templates
was required for protein linkage, facilitating the in
vitro assembly of the repair complexes.

However, for plant gene editing, the applica-
tion of RNPs is constrained within a small frac-
tion of plant species, which can be regenerated from
protoplasts or transformed using bombardment
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methods. In contrast, in vivo tethering of donor tem-
plates to CRISPR/Cas9 complexes might be an at-
tractive strategy to test. Recently, Sharon et al. devel-
oped a highly efficient method, termed Cas9 Retron
Precise Parallel Editing via homologY (CRISPEY),
for high-throughput precise gene editing in yeast
[86]. This study makes use of bacterial retron ele-
ments to generate donor DNAs for DSB repair. In
the presence of a reverse transcriptase, multicopy
single-strandedDNAproducts will be produced and
covalently tethered to their templateRNA.By fusing
these donor-containing retron elements to sgRNA
transcripts, the assembly of gene repair complexes
can be achieved in vivo.

Knock-in strategies
Although the gene targeting efficiency has been in-
creased by one to two orders of magnitude with
the assistance of CRISPR systems and new gene
delivery strategies, the chance of obtaining herita-
ble gene targeting events is still quite low for most
plants. The reason for this is that the end-joining
pathway seems to be more efficient than the HdR
pathway for DSB repair in somatic cells [87].There-
fore, if the end-joining pathway can be harnessed
for targeted knock-in, a high gene insertion or re-
placement frequency might be achievable in plant
cells.

To test this hypothesis, Li et al. developed a
strategy to replace the second exon of the rice
endogenous gene 5-enolpyruvylshikimate-3-
phosphate synthase (EPSPS) via the end-joining
pathway [88]. To initiate the DSB repair process,
two sgRNAs were designed to target the intron
regions instead of the exons, considering that the
intron regions are usually less sensitive to small
sequence variations. A donor template containing
the desired gene substitution as well as the sgRNA
targets was provided, along with the CRISPR
construct, by bombardment. Although seamless
gene replacements were identified at a frequency of
2.0%, most of the editing events (∼80%) were just
small indels within the two sgRNA target loci.

In animal systems, the efficiency of homology-
independent targeted integration has been greatly
improved by using circularized donor DNA devoid
of a bacterial backbone (minicircles) [89]. About
56% of transfected neuron cells contained the an-
ticipated GFP integration and the majority of these
GFP positive cells did not show indels at the integra-
tion sites. This study highlights the possibility of us-
ing minicircle DNA for plant donor DNA delivery.
Compared to large DNA fragment insertions, tar-
geted integrationof smallDNA fragments canbe rel-
atively easy using blunt-end double-stranded DNA
oligoswith phosphorothioate-modified ends, a com-

monly used strategy to increase the in vivo stability of
synthesized DNA oligos [90]. These results suggest
that the stability of the donor DNA may be an im-
portant factor for efficient gene integration in plants.

Base editing
Gene targeting and knock-in require the supply of
donor DNA along with the CRISPR cassette to di-
rect the repair of DSBs. Although many strategies
have been tested, efficient delivery of donor DNA
as a repair template into germline cells for herita-
ble precise gene editing remains challenging inmost
plants. Moreover, DSB repair outcomes are usu-
ally indels of variable sizes rather than substitutions,
leading to out-of-framemutations of the target genes
[20]. Many important agronomic traits involve only
one or a few base changes within the target genes
[91]. Therefore, it is highly desirable to adapt the
CRISPR systems for precise base substitutions (i.e.
base editing) in a DSB- and template-independent
manner (Fig. 3).

Base editing was first achieved by fusing a cyti-
dine deaminase to the nickase formofCas9 (Cas9n)
[92]. This fusion protein has two biochemical activ-
ities. One is to catalyze the deamination of cytosine
within a narrow window of the non-targeting strand
(fifth to eighth nucleotides in the protospacer), con-
verting cytosine to uracil. Another is to produce a
single-stranded DNA break in the targeting strand
to activate theG–A conversion in the opposite stand
via DNA replication.The use of Cas9n increases the
activity of the cytosine base editor (CBE).However,
the conversion from cytosine to uracil is inhibited
by endogenous uracil glycosylases, which recognize
unnatural U–G pairing by catalyzing the removal
of uracil. Indeed, it was shown that the editing effi-
ciency and accuracy of the CBE system can be fur-
ther improved in the presence of the uracil glycosy-
lase inhibitor (UGI) [93].

To further expand the base-editing tool box,
David Liu’s laboratory developed another base ed-
itor to enable the conversion of adenine to gua-
nine [94]. For this purpose, they used accelerated
evolution methods to produce a novel protein ca-
pable of catalyzing the deamination of adenine in
DNA molecules from an Escherichia coli adenosine
deaminase, ecTadA. After deamination, the original
adenine was converted to hypoxanthine, which is
recognized as guanine duringDNA replication. Sim-
ilar to CBE, this adenine base editor (ABE) also
requires a Cas9 nickase to help with target recogni-
tion and T–C conversion in the targeting stand.

Extensive studies have been performed to opti-
mize the activity of the two base editors in a variety
of plant species, including rice, wheat, maize,
rapeseed, tomato, watermelon and Arabidopsis
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Figure 3. A model of CRISPR/Cas-mediated gene mutagenesis and base editing. Mechanisms of target binding, DNA cleavage and repair during gene
mutagenesis (left), cytosine base editing (middle) and adenine base editing (right). Red triangles indicate the single-stranded break within the guide
RNA recognition sites.

(Table 2). The reported editing efficiencies and
accuracies of different base editing systems show a
large degree of variation. As an example, three stud-
ies in rice reported that precise base substitutions
were induced at a frequency of up to ∼40% using a
similar rat apolipoprotein B mRNA editing enzyme,
catalytic polypeptide 1 (APOBEC1)-based CBE
system [95–97]. While two of the studies suggested
that imprecise editing is frequently induced at
the targeted loci [96,97], the other reported that
indels are seldom detected [95]. Meanwhile, large
variations in editing efficiency were observed when
different gene loci or different plant species were
targeted by the same CBE system, suggesting that
the activity of CBE systems might be affected
by unknown factors [95]. In addition to the rat
APOBEC1 (rAPO1), the lamprey cytidine deam-
inase (pmCDA1) [98] and an engineered human
activation-induced cytidine deaminase (hAID)
[99] have also been harnessed for plant base editing
by fusion to Cas9 variants. The pmCDA1-based
CBE systems induced a high frequency of gene
substitutions (26/45) as well as indels (21/45) at
the targeted tomato genes in the T0 generation.
However, its activity was apparently lower at the rice
ALS locus (3.4%). In cases when the hAIDwas used
for cytosine conversion, the editing frequencies
of some tested loci were higher compared to the
rAPO1-based system, but the occurrence of unex-
pected gene mutations was also increased. Factors
affecting the editing efficiency of different CBE
systems can be quite complex and require further
investigation. It has been shown that the editing
efficiency at the same gene locus in different plant

species can also be very different when similar CBE
systems are applied. For example, the rAPO1-based
CBE system only induced 1.7% C–T editing at the
ALS Pro197 locus inArabidopsisT1 transgenic lines
[100], while the editing efficiency at the same locus
was 23% in watermelon [101].

The ABE systems have also been tested in plant
cells. Compared to the ABE 7.10 system, which
showed robust editing activities in rice and Ara-
bidopsis, the editing activity of the ABE7.8 system
was almost non-existent [102]. In contrast to CBE
systems, which tend to generate highly frequent but
imprecise editing at the target locus, almost no indels
were identified with ABE systems (Table 2). Pro-
moter activity seems to be critical for efficient base
editing in Arabidopsis since the use of the ribosomal
protein S5A (RPS5A) promoter to drive the expres-
sion of ABE7.10 resulted in 85% editing efficiency at
target loci inT1plants,while theCaMV35S andYao
promoters produced almost no mutations [102].

Although there is ample room for improvement,
base editors can be very efficient and easy to use for
precise gene editing. A shortcoming is that their ac-
tivity is constrained to a narrow window defined by
the PAMmotif. This limitation can be overcome by
using different Cas9 variants to extend the spectrum
of gene targets [17].

CONCLUDING REMARKS
With the emergence of new CRISPR-based tools,
targeted gene editing has become increasingly ef-
ficient and flexible in plant cells. In addition to
targeted gene mutagenesis, other types of genetic
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modifications, suchasbase substitution, geneknock-
in and replacement, have become achievable inmul-
tiple plant species (Tables 1 and2).Newadvances in
gene targeting strategies now theoretically allowpre-
cise gene editing to be achieved at any locus without
requiring selection markers. Together, these techni-
cal advances promise any kind of editing at targeted
gene loci in model plants, thus expanding the scope
of the application of CRISPR systems for genetic
studies.

In general, CRISPR-based gene editing tools can
be classified into two categories: gene-mutagenesis
tools and gene-correction tools. The first category
is usually used to introduce full or partial loss-of-
function mutations into the target loci, such as the
canonical CRISPR/Cas9 systems and the base edi-
tor systems. Random indels or substitutions in cod-
ing sequences or intron splicing sites can cause
frameshifts or alternative splicing of target genes. In
addition, many regulatory elements located in non-
coding regions are also required for fine regulation
of gene function. Many of these elements have been
difficult to study due to the lack of a controllable
mutagen, but can now be dissected readily using
CRISPR. With the development of CRISPR-based
gene-mutagenesis tools, forward genetics screens
can now be performed at scales ranging from single
genes to genome-wide.

However, for gene-correction purposes, the
modifications on the targeted gene loci need to be
precise. Tools in this category include the two base
editing systems as well as fragment deletion, inser-
tion and replacement tools. The later three tools are
usually adapted from dual-target CRISPR systems;
however, in the absence of a repair template, frag-
ment deletions or reversions are induced at a much
higher efficiency than insertion or replacement.
Expression of the CRISPR elements in appropriate
tissues and developmental stages is important for
the efficiency of small indel mutations and base
editing. However, to perform precise gene editing
with the guidance of donor DNA, every step from
DSB induction to donor DNA supply is critical.
Although much progress has been achieved over
recent years, the low HdR frequency in plant cells is
still a bottleneck for precise gene editing.

With the aforementioned technical advances, the
applicationof plant gene editing tools is being gradu-
ally broadened from genetic research to crop breed-
ing. For crop breeding purposes, one big challenge
is to achieve efficient delivery of CRISPR compo-
nents into reproductive cells to generate heritable
gene modifications. For transformable plants, ge-
netic transformation methods can be quite efficient
at delivering foreign genes into plant reproductive
cells, but the associated tissue culture and regen-

eration steps are often technically demanding and
time-consuming. Moreover, many crop species and
elite varieties are recalcitrant or extremely difficult
to transform.Tissue culture- andplant regeneration-
independent technologies for delivering gene edit-
ing reagents are needed in order to apply the power-
ful gene editing tools to all plants. Another big chal-
lenge for crop breeding by gene editing is to decide
whichgene(s) to edit inorder to improve aparticular
trait.Many important agronomic traits are polygenic
in nature, and their genetic basis is difficult to dissect,
partly due to complex genetic interactions. With the
aid of CRISPR gene editing tools, the underlying
genes for complex agronomic traitswill be identified,
which then can be edited for crop improvement.

When used for crop breeding, CRISPR cassettes
need tobe removed from the crop genomeafter gene
editing has been achieved as a likely prerequisite
to gain regulatory approval of CRISPR-edited crops
for commercial applications. Transgene-free gene-
edited plants can be obtained by genetic segregation
during sexual reproduction. To obtain transgene-
free edited plants more efficiently, a negative se-
lection marker could be useful. Examples of such
negative selection include a seed-specific fluores-
cence protein expression cassette [103] and an early
embryo-specific toxic protein expression cassette
[104]. The use of IVTs and RNPs can obviate this
problem as no foreign DNA is introduced into the
plant genome.

In spite of the overwhelming advantages pro-
vided by CRISPR technologies for crop improve-
ment, the application of the technologies could be
prohibited in some countries by government poli-
cies that regulate gene-edited products as GMOs.
Scientifically, it is illogical to regulate systems that
produce single, very precise genomic changes, while
others, such as chemical and radiation mutagenesis,
which produces thousands of randommutations, re-
main unregulated. CRISPR and other gene editing
technologies have already delivered some important
advances in crop breeding and we anticipate that we
have only seen the tip of the iceberg, with more ex-
citing developments yet to come.
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