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SUMMARY
Feeding the ever-growing population is a major challenge, especially in light of rapidly changing climate con-
ditions. Genome editing is set to revolutionize plant breeding and could help secure the global food supply.
Here, I review the development and application of genome editing tools in plants while highlighting newly
developed techniques. I describe new plant breeding strategies based on genome editing and discuss their
impact on crop production, with an emphasis on recent advancements in genome editing-based plant im-
provements that could not be achieved by conventional breeding. I also discuss challenges facing genome
editing that must be overcome before realizing the full potential of this technology toward future crops and
food production.
INTRODUCTION

The human population is expected to reach 10 billion by 2050

(FAO, 2017). A major challenge of our time is learning how to

feed the expanding population and succeed in doing so. Owing

largely to the Green Revolution and advances in plant breeding

techniques, current crop yields can provide sufficient food for

a majority of the human population. However, crop production

appears to be plateauing and even declining due to both climate

change and the limited availability of arable land; a 60% increase

in production yields would be needed to feed a global population

of 10 billion people (Springmann et al., 2018). Therefore,

improving agricultural productivity and sustainability is essential

to the whole world. Scientific breakthroughs and technological

innovations in crop production are urgently needed to ensure

future global food security.

Genetic variation is the basis of agricultural improvement. The

aim of plant breeding is to create and exploit these genetic var-

iations. Over the long history of plant breeding (Hickey et al.,

2019), four major techniques have been used: cross-breeding,

mutation breeding, transgenic breeding, and breeding by

genome editing (Chen et al., 2019; Figure 1). Traditional plant

breeding (cross-breeding), which involves targeted crossing of

plants to combine desirable traits via sexual recombination,

has played an important role in improving agricultural productiv-

ity. This strategy is exemplified by the first Green Revolution

beginning in the late 1950s, in which ‘‘dwarfing’’ gene mutations

were bred into major staple crops, such as wheat (Triticum aes-

tivum) and rice (Oryza sativa), to obtain high-yielding varieties

(Khush, 2001). However, since cross-breeding can only be

used to introduce traits that are already present in the parental

genomes, the low genetic variability in elite germplasms limits
the use of this technique (Figure 1). In mutation breeding, chem-

ically or radiation-induced mutagenesis is used to induce

randommutations genome-wide, which greatly expands genetic

variation (Holme et al., 2019). However, identifying the rare indi-

viduals that harbor a desired trait from a large population of mu-

tagenized plants is labor-intensive and time-consuming (Figure

1). A key breakthrough in plant breeding was the development

of transgenic breeding, in which genes or traits from other organ-

isms are introduced into crop plants, leading to higher yields,

lower pesticide use, and improved nutrition. Nevertheless, only

a few transgenic crops have been utilized thus far (Raman,

2017), as this technique randomly integrates foreign DNA into

plant genomes and these genetically modified organisms

(GMOs) are subject to strict government regulations (Figure 1).

In addition, adverse public opinions regarding the safety of these

products limit their potential.

Genome editing techniques have been developed to introduce

precise and predictable genome modifications into plants to

obtain desired traits, and they are giving rise to precision breeding

techniques that are defining the next-generation of plant breeding

(Chen et al., 2019) (Figure 1). CRISPR (clustered regularly inter-

spaced short palindromic repeats)-Cas (CRISPR associated)

has emerged as one of the most advanced systems for

engineering crop genomes (Shan et al., 2013a). This technology

has been rapidly expanding and applied to major cereals such

as rice, wheat, and maize (Zea mays) and to other crops that are

important for food security, such as potato (Solanum tuberosum)

and cassava (Manihot esculenta) (Chen et al., 2019; Zhu et al.,

2020). In addition, recently developed CRISPR-associated tools

such as base editors and prime editors have greatly expanded

the scope of genome editing (Anzalone et al., 2020), allowing for

the creation of precise nucleotide substitutions and targeted
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Figure 1. Plant breeding techniques

commonly used to introduce new traits

into an elite crop variety
Four techniques used during different periods of
plant breeding based on biotechnological de-
velopments. Cross-breeding based on naturally
occurring mutations has been used to introduce
various traits into elite recipient lines. Mutation
breeding has been used to induce random muta-
tions genome-wide, which greatly expands ge-
netic variation. Cross-breeding and mutation
breeding generally require a long time period due
to the need for backcrossing. Transgenic breeding
can be used to introduce genes or traits from other
organisms, but the foreign DNA is randomly inte-
grated into the plant genome. The commerciali-
zation of transgenic crops is subject to a long and
costly regulatory evaluation process. Genome
editing technologies can be used to efficiently
modify plant genomes to improve traits without
integrating foreign DNA into the genome. These
precise breeding techniques are coming to define
next-generation plant breeding.
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DNA deletions and insertions. CRISPR-Cas technologies, in com-

binationwithmodernbreedingmethods,will playan important role

in crop improvement programs. In this review, I describe the cur-

rent status of plant genome editing with an emphasis on the ge-

netic modifications that can be produced using these techniques

as well as application of plant genome editing as the next-gener-

ation plant breeding technology for crop improvement.

Plant genome editing technologies
Plant genome editing is carried out using programmable

sequence-specific nucleases (SSNs). SSNs include engineered

homing endonucleases or meganucleases, zinc-finger nucle-

ases (ZFNs), transcription activator-like effector nucleases (TAL-

ENs), and the CRISPR-Cas system. These nucleases make DNA

double-strand breaks (DSBs) at target sites, and precision

genome modifications are achieved via DNA repair pathways

(Voytas and Gao, 2014). While meganucleases, ZFNs, and TAL-

ENs recognize target sequences via protein-DNA interactions,

the CRISPR-Cas system targets DNA sequences through Wat-

son-Crick base pairing, relying on the homology between the

target DNA and a programmable ‘‘guide’’ RNA. Because of its

low cost, simplicity, and high efficiency, theCRISPR-Cas system

has become themost widely used system for plant genome edit-

ing (Yin et al., 2017). Here, I introduce the general plant genome

editing procedure and describe the many genetic modifications

that can be produced through genome editing in plants.
1622 Cell 184, March 18, 2021
General procedure for plant

genome editing

The general procedure for genome edit-

ing in plants can be divided into six steps:

(1) select the appropriate nuclease based

on the target sequence; (2) construct

genome editing vectors; (3) validate the

activity of these vectors using protoplasts

(wall-free plant cells released from

enzyme-digested tissues; optional step);

(4) deliver genome editing reagents into
plant cells; (5) regenerate genome-edited cells into plantlets via

tissue culture; and (6) screen and genotype the resulting

genome-edited plants (Figure 2A).

Although the same editing tools are used for all organisms,

some aspects of the delivery and regeneration are specific to

plants. Genome editing reagents can sometimes be transformed

directly into protoplasts, but in most cases, they are delivered via

particle bombardment (using a gene gun) or Agrobacterium into

plant cells in the form of calli, embryos, or leaf explants (Figures

2B and 2C). The transformation and regeneration steps still

represent bottlenecks for plant genome editing, as these pro-

cesses must be optimized for each species and each plant vari-

ety, which is an arduous task for most elite varieties and wild

species (Altpeter et al., 2016).

Three common forms of genome editing reagents include

CRISPR-Cas9 DNA, RNA (in vitro transcripts of Cas9 and single

guide RNA [sgRNA]), and RNP (ribonucleoprotein, composed of

Cas9 protein and in-vitro-transcribed sgRNA) (Ran et al., 2017).

While DNA can be delivered into plant cells by both particle

bombardment and Agrobacterium-mediated transformation,

RNA and RNP can only be delivered into plant cells by particle

bombardment (Liang et al., 2017; Svitashev et al., 2016; Zhang

et al., 2016; Figures 2B and 2C). When DNA is chosen as the

genome editing reagent, two different strategies can be used

for the subsequent tissue culture process: the conventional

method and the transient DNA expression method (Zhang



Figure 2. General procedure for plant genome editing
(A) Schematic illustration of the six major steps in plant genome editing.
(B) Genome-edited plants generated by Agrobacterium-mediated delivery of CRISPR DNA.
(C) Conventional and transient expression methods for particle bombardment-mediated genome editing by delivery of CRISPR DNA, RNA, or RNP.
(D) Two strategies used to obtain transgene-free mutants.
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et al., 2016; Figures 2C and 2D). In the conventional method, a

selection agent is used during the tissue culture process to

select for resistant calli and transgenic plants (Figures 2B and

2C). Once the transgenic genome-editedmutants are generated,

the genome editing vectors can be segregated out from the

mutant genomes through selfing or crossing to obtain trans-
gene-freemutant plants (Figure 2D). In the transient DNA expres-

sion method, no selection agent is used during the tissue culture

process, resulting in the production of transgene-free mutants

without the need for a segregation process (Zhang et al., 2016)

(Figures 2C and 2D). DNA-free genome editing can be obtained

using either RNAs or RNPs. These transient methods do not
Cell 184, March 18, 2021 1623



ll
Review
result in genomic integration events into the plant genome.

Therefore, no selection agent is needed during the subsequent

tissue culture processes, and the genome-edited plants created

through transiently expressing CRISPR RNA (crRNA) or RNP are

DNA-free mutants (Liang et al., 2017; Svitashev et al., 2016; Fig-

ures 2C and 2D). DNA-free genome editing is preferable to the

conventional method because it involves no foreign DNA and

can drastically reduce off-target editing events in plants.

Genetic modifications generated by genome editing in

plants

In addition to ZFNs and TALENs, the introduction of the CRISPR-

Cas system has accelerated the development of plant genome

editing. The most widely used CRISPR-Cas systems are the

Cas9 and Cas12a complexes, both of which are single effector

proteins that perform nucleic acid cleavage (Chen et al., 2019;

Figure 3A). Recently, the Cas12b system was also developed

for plant genome editing (Ming et al., 2020). All of these systems

rely upon crRNAs to guide the Cas protein to target sequences.

The Cas9 protein requires an additional RNAmolecule known as

a trans-acting crRNA (tracrRNA), which can be artificially fused

with the corresponding crRNA to form a sgRNA (Jinek et al.,

2012). CRISPR-Cas systems can be programmed by simply

designing the DNA target protospacer sequence into the crRNAs

or sgRNAs. Various Cas orthologs and variants with different

PAM (protospacer adjacent motif) specificities have been identi-

fied and exploited to maximize the editing scope of these tools

(Anzalone et al., 2020). The CRISPR-Cas system and newly

developed tools such as base editors (Gaudelli et al., 2017; Ko-

mor et al., 2016; Figure 3B) and prime editors (Anzalone et al.,

2019; Figure 3C) have greatly expanded its potential applica-

tions. To date, genome editing has been used to generate a va-

riety of heritable genome modifications in plants including (1)

small random insertions/deletions (indels) (Figure 3D); (2) point

mutations or nucleotide substitutions (Figure 3E); (3) DNA frag-

ment insertions (Figure 3F); (4) DNA fragment deletions

(Figure 3G); and (5) targeted chromosomal rearrangements

(Figure 3H).

Classical genome editing involves the repair of DSBs at target

loci. When SSN reagents are delivered into plant cells, they

recognize and cleave target DNA and generate DSBs, which

are repaired by endogenous DNA repair pathways including

non-homologous end joining (NHEJ) and homology-directed

repair (HDR). NHEJ is the major pathway used to repair DSBs,

and when DSBs are repaired by NHEJ, indels may be introduced

at the junctions of the rejoined chromosomes (Chen et al., 2019;

Zhu et al., 2020; Figure 3D). The resulting indels are stochastic,

varying in length and sequence, and typically result in gene

knockouts due to frameshift mutations. Alternatively, HDR can

occur if a homologous DNA template is available or provided.

Precise gene replacements, point mutations, and DNA insertions

and deletions can be produced by HDR-mediated genome edit-

ing (Figure 3A), but the efficiency of HDR in plant cells is

extremely low.

BeyondDSB-mediated genome editing, CRISPR-Cas-derived

base editors have emerged as powerful tools for generating pro-

grammable single DNA base changes. There are two main clas-

ses of base editors: cytosine base editors (CBEs) and adenine

base editors (ABEs). Base editors are fusions of catalytically
1624 Cell 184, March 18, 2021
impaired Cas9 (nCas9 D10A) nucleases with single-stranded

DNA (ssDNA)-specific deaminases. These deaminases, such

as rAPOBEC1 and PmCDA1 cytidine deaminases in CBEs or

laboratory-evolved TadA deoxyadenosine deaminase in ABEs,

catalyze C$G to T$A or A$T to G$C transitions in the ssDNA

strand of the R-loop induced by CRISPR-Cas at target sites,

respectively (Gaudelli et al., 2017; Komor et al., 2016; Nishida

et al., 2016) (Figures 3B and 3E). The fusion of uracil DNA glyco-

sylase inhibitor in CBEs helps increase the base-editing effi-

ciency by manipulating endogenous DNA repair machinery (Ko-

mor et al., 2016). Both CBEs and ABEs have been optimized for

plant genomes (Li et al., 2018a; Zong et al., 2017). Other CBEs

using the deaminases PmCDA1, hAID, and hAPOBEC3A have

also been successfully used in plants (Ren et al., 2018; Shimatani

et al., 2017; Zong et al., 2018). Dual base editors that combine

the functional domains of CBEs and ABEs can induce simulta-

neous C$G to T$A and A$T to G$C changes at the same target

site (Li et al., 2020a), further broadening the scope of base edit-

ing in plants.

Current base editors are limited to base transitions (C$G to T$A

and A$T to G$C), but DNA base transversions and predefined

DNA insertions and deletions cannot be produced. However, a

recent technological breakthrough, prime editing, allows for

the creation of all 12 types of base substitutions and small

DNA insertions and deletions in human cells (Anzalone et al.,

2019; Figure 3C). Prime editors are composed of two compo-

nents: an engineered Cas9 nickase (H840A)-reverse transcrip-

tase (RT) fusion protein and a prime editing guide RNA (pegRNA).

The pegRNA is a modified sgRNA with 3ʹ-extended bases

comprising a primer binding site (PBS) and an RT template en-

coding the desired edit(s). The Cas9 nickase (H840A) recognizes

the target site and nicks the non-target DNA strand, releasing a

ssDNA that pairs with the PBS and serves as a primer for RT.

Through reverse transcription, the edit encoded on the pegRNA

is transferred to the non-target DNA strand. The newly synthe-

sized edited DNA flap is subsequently incorporated into the

target site by DNA repair (Anzalone et al., 2019). Prime editing

has been rapidly adapted for use in plant cells, and prime-edited

rice and maize plants have been successfully regenerated (Zhu

et al., 2020; Jiang et al., 2020), albeit the editing efficiency of

prime editors is currently much lower than that of base editors

at most target sites in plant genomes (Lin et al., 2020). Attempts

have been made to improve the efficiency of prime editing by

varying the lengths of the PBS and RT template in the pegRNA,

using other RTs, processing the pegRNAs with a ribozyme,

raising the culture temperature to favor reverse transcription

(Lin et al., 2020), using enhanced promoters for pegRNA expres-

sion (Jiang et al., 2020), and enriching for transformed cells (Xu

et al., 2020a, 2020b). Prime editing efficiency has also been

improved by designing the pegRNA sequence based on melting

temperature and using dual-pegRNAs. In addition, an auto-

mated pegRNA design platform has been developed in rice (Q.

Lin, S. Jin, Y. Zong, H. Yu, Z. Zhu, L. Kou, Y. Wang, J. Qiu, J.

Li, and C.G., unpublished data).

The precise insertion of DNA has made it possible to manipu-

late gene functions and stackmultiple crop traits. HDR-mediated

DNA insertion in plants occurs at relatively low efficiency (Chen

et al., 2019; Figure 3F). Alternatively, the NHEJ pathway can be



Figure 3. Genetic modifications generated by genome editing in plants
(A) Schematic diagram of the NHEJ and HDR DNA repair pathways when DNA double-strand breaks (DSBs) are produced by sequence-specific nucle-
ases (SSNs).
(B) Base editing technology. Cytidine or adenosine deaminase is fused with Cas9 nickase (nCas9 (D10A)) to generate a cytosine base editor (CBE) or adenine
base editor (ABE), respectively. The CBE generates C$G-to-T$A base substitutions, and the ABE generates A$T-to-G$C base substitutions. UGI, uracil DNA
glycosylase inhibitor.
(C) Prime editing technology. The prime editor (PE) is composed of a fusion of nCas9 (H840A) with reverse transcriptase and a prime editing guide RNA (pegRNA).
(D) ZFNs, TALENs, and the CRISPR-Cas system induce small random indels mutation via the DNA non-homologous end joining (NHEJ) repair pathway.
(E) Base substitutions can be created by HDR, CBE, ABE, and PE.
(F) Targeted insertion editing by HDR, NHEJ, and PE.
(G) Targeted deletion editing by paired sgRNAs, cytidine deaminase-mediated deletion, MMEJ, and PE.
(H) Pairs of DSBs are introduced simultaneously into chromosomes, inducing chromosome deletions, inversions, translocations, and crossover.
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harnessed for efficient DNA insertion at DSB sites when a donor

DNA template is provided (Wang et al., 2014). One successful

example of this is the CRISPR-Cas9-mediated gene replace-

ment and insertion achieved by targeting introns through the

NHEJ pathway (Li et al., 2016; Figure 3F). To increase the fre-

quency of the targeted insertions by NHEJ, short homologous

chromosomal segments are added to the ends of the donor

DNA to produce compatible ends or microhomology with the

DSB surrounding sequence (Dong et al., 2020). Targeted inser-

tion via NHEJ can also be stimulated using chemically stabilized

double-stranded oligodeoxynucleotides (dsODNs) donors with

5ʹ-phosphorylated ends (Lu et al., 2020).

Target DNA deletion is especially important for editing regula-

tory and non-coding DNAs for which small indels are unlikely to

cause loss of function. Targeted DNA deletions can be obtained

by inducing two separate DSBs using SSNs (Shan et al., 2013b;

Figure 3G). For example, co-expressing Cas9 with a pair of

sgRNAs can result in a >100 kb deletion of the region between

the two target sites (Zhou et al., 2014). Alternatively, by fusing

Cas9 or Cas12a with T5 exonuclease or by co-expressing a

SSN with exonucleases, it is possible to generate targeted dele-
tions with a single gRNA, but the length of such deletions is

limited (Zhang et al., 2020a). The deleted DNA sequences ob-

tained using these strategies are not predictable or precise

because the repair occurs via the NHEJ pathway.

Precise DNA deletions can be generated by microhomology-

mediated end joining (MMEJ), which uses microhomologous se-

quences to align the ends of DSBs prior to their joining (Tan et al.,

2020; Figure 3G). However, this strategy can only generate

deletions between two microhomologous sequences. Multi-

nucleotide deletions can be generated by the newly developed

APOBEC-Cas9 fusion-induced deletion systems (AFIDs) (Wang

et al., 2020; Figure 3G). In these systems, Cas9 generates a

DSB at the target DNA sequences, while simultaneously

APOBEC deaminates cytidines on the non-target strand to uri-

dines, which is then excised by uracil DNA glycosylase to

generate an abasic (AP) site. The removal of the AP site by AP

lyase results in a predictable and precise deletion extending

from the deaminated cytidine to the DSBs (Wang et al., 2020).

Targeted chromosomal rearrangements, which are useful for

breaking or fixing genetic linkages, can also be achieved when

SSNs are used to induce DSBs (Schmidt et al., 2019b;
Cell 184, March 18, 2021 1625
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Figure 3H). When pairs of DSBs are introduced simultaneously

into the same chromosome, deletions and inversions could be

generated between the two breaks (Schmidt et al., 2019a;

Shan et al., 2013b). These rearrangements are primarily due to

NHEJ processes and sometimes by MMEJ (Schmidt et al.,

2019b). It was recently shown that megabase pair (Mbp)-tar-

geted chromosome inversions can be achieved in maize

(Schwartz et al., 2020) and Arabidopsis thaliana (Schmidt et al.,

2020). Furthermore, the latter demonstrated that the restoration

of genetic crossovers is indeed achievable through this

approach. Interchromosomal rearrangements, such as cross-

overs, translocations, and sequence exchanges, are also

triggered when two or more DSBs are generated on different

chromosomes (Schmidt et al., 2019b; Figure 3H). Reciprocal

translocations between heterologous chromosomes were

recently produced in A. thaliana using the CRISPR-Cas9 system

(Beying et al., 2020). Importantly, these translocations were in

the Mbp range and were heritable. Still, more effective tools

must be developed to realize the tremendous potential of tar-

geted chromosomal rearrangements for plant breeding.

Next-generation plant breeding techniques involving
genome editing
Conventional plant breeding has reached its limits on feeding the

ever-growing global population (Hickey et al., 2019). Technical

advances, such as marker-assisted selection and genomics-as-

sisted breeding, are pushing the limit further. Genome editing

opens a new toolkit for plant breeding to be performed at an un-

precedented pace and in an efficient and cost-effective way,

which will propel plant breeding to go beyond its current limit

and move to the next generation.

Directed mutagenesis and precision breeding

Programmable targeted mutagenesis facilitates the transfer of

desired traits to crops and greatly reduces the need for extensive

genetic crossing and large-scale progeny genotyping (Lassoued

et al., 2019). Directed knockout of BETAINE ALDEHYDE

DEHYDROGENASE 2 (BADH2) blocks the biosynthesis of

2-acetyl-1-pyrroline, the major fragrance compound in fragrant

rice, resulting in the creation of a fragrant rice variety (Shan

et al., 2015). ACETOLACTATE SYNTHASE (ALS) encodes a

key enzyme in the biosynthesis of branched-chain amino acids

in plants and is the target protein of various herbicides, and mu-

tations at certain residues confer herbicide tolerance. Rice

plants with broad-spectrum tolerance to ALS-inhibiting herbi-

cides were generated by targeting the P171 and/or G628 codons

of OsALS with a CBE, providing the opportunity for better weed

management for rice farmers (Zhang et al., 2020b). The major

contribution of genome editing to plant breeding is the elimina-

tion of ‘‘deleterious’’ genes. For example, CRISPR-Cas9 was

successfully used to knock out OsERF922, a negative regulator

of fungal blast resistance in plants, leading to the production of

blast-resistant rice (Wang et al., 2016). Since some of the ‘‘dele-

terious’’ load is polygenic and is caused by many minor-effect

mutations, efficient multiplex genome editing would be a prom-

ising approach to remove all the deleterious alleles (Johnsson

et al., 2019).

Barriers to plant crossing prohibit trait sharing across species

by conventional breeding. Efficient plant genome editing is
1626 Cell 184, March 18, 2021
based on advanced basic research in genome function and ge-

nomics, since the molecular mechanisms underpinning major

traits such as flowering time, resistance, plant height, and seed

size are often conserved in different plant species (Eshed and

Lippman, 2019). Complex traits in various crop species could

be directly improved using genome editing technologies based

on genetic and biological information obtained from model plant

research (Figure 4A). Therefore, in principle, important traits

could be shared across species. Such cross-species trait

‘‘sharing’’ has been demonstrated by editing MILDEW RESIS-

TANCE LOCUS (MLO), a recessive gene first identified in barley

whose inactivation leads to the durable, broad-spectrum resis-

tance to powdery mildew (Jørgensen, 1992). Powdery mildew

resistance has been achieved through editing MLO in various

plant species, including wheat (Wang et al., 2014), tomato

(S. lycopersicum) (Nekrasov et al., 2017), and grapevine (Vitis

vinifera) (Wan et al., 2020). OsNP1 and ZmIPE1 encode a puta-

tive glucose-methanol-choline oxidoreductase and are required

for male sterility. CRISPR-Cas9 was used to edit the orthologs of

these genes in wheat (TaNP1) to result in complete male sterility

(Li et al., 2020b).

Cross-breeding, which relies on genetic recombination, is

challenging when tightly linked loci must be separated, espe-

cially when one locus is beneficial and the other deleterious.

Breaking such a genetic linkage requires extensive backcross-

ing, which is time-consuming and may even be impossible in

some cases (Lee and Wang, 2020). In such instances, editing

can be used in two ways to alter the deleterious allele. One

way is to induce chromosomal rearrangements to increase

recombination events, since SSNs have the capacity to create

reciprocal chromosomal translocations and intrachromosomal

inversions in plants (Beying et al., 2020; Shan et al., 2013b;

Figure 4A). The alternate approach is to directly edit or delete

the unwanted allele, thereby bypassing traditional introgression

(Figure 4A). Editing has been used to break linkage drag through

knocking out an undesired allele in tomato (Roldan et al., 2017),

and more recently, to combine two closely linked genetic alleles

in maize (Gao et al., 2020). A novel RecQ helicase gene in wheat

controls genome-wide gene conversions and represents an

endogenous ‘‘linkage breaking mechanism’’ that coverts one

allele to another during DSB repair (Gardiner et al., 2019). Har-

nessing the same mechanism by genome editing could provide

a new way to break genetic linkage in other species.

Multiplex genome editing and trait stacking

A major advantage of CRISPR over other SSNs is its capability

for editing multiple target sites simultaneously. Several sgRNAs

can be expressed in the same cell when using transfer RNA pro-

cessing, ribozyme self-cleavage, arrays of crRNAs, or Csy4 ribo-

nuclease cleavage (Minkenberg et al., 2017). Multiplex gene ed-

iting will drastically accelerate gene stacking for important traits.

To further expedite cycles of editing and trait stacking, lab-free

approaches could open the door for integration with rapid

cycling systems such as speed breeding technology (Hickey

et al., 2019).

Approximately one-quarter of vascular plants are polyploid,

and many of these plants are agriculturally important, such as

hexaploid bread wheat, tetraploid Brassica, cotton (Gossypium

spp.), and potato (S. tuberosum) (Abe et al., 2019). Most genes



Figure 4. Crop improvement strategies based on genome editing
(A) Cross-species trait sharing and genetic linkage breaking by genome editing-directed mutagenesis.
(B) Multiplex genome editing of homeoalleles and gene families.
(C) Editing of quantitative trait loci to produce new alleles and traits.
(D) Schematic diagram of accelerated domestication of wild rice through genome editing.
(E) Haploid induction and artificial apomixis via genome modification of endogenous genes.
(F) Large-scale screening and directed evolution for trait discovery via CRISPR.
(G) CRISPR-mediated plant synthetic biology in which plant cell behavior is altered to enhance plant growth and product generation.
(H) Modifying the plant microbiome to improve crop growth and pathogen resistance.
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in polyploids are present in multiple copies (homeologs) that

perform the same functions to control specific plant traits. These

homeologs must be simultaneously mutated to generate reces-
sive changes. Genome editing is ideally suited for this purpose

(Figure 4B). This approach was first demonstrated in bread

wheat, where simultaneous editing of the three homeoalleles of
Cell 184, March 18, 2021 1627
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MLO conferred resistance to powdery mildew, a major fungal

disease (Wang et al., 2014). Since then, genome editing has

been deployed to generate valuable agronomic traits in other

polyploid crops (Zaman et al., 2019; Zhang et al., 2019a). Gene

dosage, which is important for dosage-dependent phenotypes,

can also be altered by gene editing in polyploid crops (Zhang

et al., 2019a).

Analysis of 16 fully sequenced plant genomes revealed that

72%of protein-coding genes could be classified into paralogous

gene families (Hyams et al., 2018).Members of a gene family nor-

mally have similar structures and overlapping functions. Such

functional redundancy provides genetic robustness (Kafri et al.,

2006). Therefore, knocking out one paralog may not be suffi-

cient, and it is often necessary to mutate two or more paralogs

to result in a phenotypic effect. Multiplex editing can be used

for this purpose (Figure 4B). For example, the gluten gene family

in wheat includes genes encoding for at least 29 a-gliadins, 18 g-

gliadins, and 10 u-gliadins, along with 16 low molecular weight

and 6 high molecular weight glutenins (Jouanin et al., 2020).

Immunogenic epitopes in the a-, g-, and u-gliadins and (to a

lesser extent) in the low molecular weight glutenins trigger the

autoimmune disorder celiac disease in 1%–2% of the human

population (Jouanin et al., 2020). Gluten-free wheat is difficult

to obtain by conventional breeding due to the underlying genetic

complexity. CRISPR-Cas9 was successfully used to simulta-

neously edit multiple a- and g-gliadin genes in hexaploid bread

wheat. Impressively, 35 genes were successfully mutated in a

single line and immunoreactivity was reduced by 85% (Sán-

chez-León et al., 2018). A more efficient and precise approach

would be to use base editors and prime editors to specifically

modify amino acids in the immunogenic epitopes.

Editing of QTLs

Quantitative traits are of great agronomic importance. These

traits are polygenic and controlled by quantitative trait loci

(QTLs), with each QTL contributing only a minor effect directly

on the phenotype while interacting with one another. QTLs are

not inherited in a simple Mendelian manner and are therefore

exceedingly difficult to study and manipulate. The main reason

to investigate genetic variation underlying QTLs in plants is for

crop improvement. QTLs must be identified using statistical

methods such as QTL mapping and genome-wide association

studies (GWASs) rather than classical genetic analysis (Cooper

et al., 2009). QTL mapping, which relies on measurable pheno-

types, generally works well for major QTLs (Nadeau and Frankel,

2000). Deep sequencing-based GWAS and pan-genome tech-

nologies have revealed that a large number of single-nucleotide

polymorphisms (SNPs) and structural variants (SVs) are linked to

quantitative trait variation in plants (Huang and Han, 2014). Many

of these SNPs and SVs are located in non-coding or regulatory

regions of genes, which complicates molecular characterization

and confirmation. Genome editing shows great potential for

overcoming these constraints by providing tools to link genetic

polymorphismswith phenotypic differences (Figure 4C). QTL ed-

iting can be used to introduce multiple desired quantitative al-

leles directly into elite crop varieties, thus avoiding the need for

intensive crossing (Shen et al., 2018); Gao et al., 2020). This tech-

nique would be especially suitable for editing QTLs in low-

recombination regions.
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CRISPR-Cas9was used to generate hundreds of targetedmu-

tations to facilitate a systematic analysis of the association of cis-

regulatory regions with phenotypic variation in tomato (Rodrı́-

guez-Leal et al., 2017); genome editing was also used to identify

QTLs via a high-throughput editing screen of candidate QTLs

(Liu et al., 2020a). Using CRISPR-Cas9 and base editing to edit

the upstream open reading frame (uORF) of genes has been

used to fine-tune target protein expression levels in plants

(Zhang et al., 2018; Xing et al., 2020), facilitating a balance be-

tween plant productivity, food quality, and adaptations to stress.

Moreover, the CRISPR multiplex strategy could be used to

modify a combination of candidate QTLs or all genes in a defined

QTL region to result in changes to measurable phenotypes.

De novo domestication

All major crops today were domesticated from wild progenitors

over many millennia. Domestication enriches for traits that in-

crease crop productivity, such as an ideal plant architecture,

high yield, and easy harvest; however, over time this leads to

a genetic bottleneck that results in a decrease in genetic diver-

sity and a loss of stress resistance. To improve cultivated

crops, beneficial traits from wild relatives have since been

crossed into them. Unfortunately, this type of crossing is only

possible for monogenic traits andmany useful traits in wild spe-

cies, such as abiotic stress tolerance, are polygenic and diffi-

cult to fix by segregation during crossing and backcrossing

(Kushwah et al., 2020). The de novo domestication of wild spe-

cies by genome editing provides a promising alternative

breeding strategy (López-Marqués et al., 2020; Figure 4D). As

a proof of concept, multiplex editing of domestication genes

was successfully performed to partially domesticate wild to-

mato (S. pimpinellifolium), while retaining the stress tolerance

of the wild strain (Li et al., 2018b; Zsögön et al., 2018). The

domestication of wild rice is also an attractive goal. The allote-

traploid wild rice species Oryza alta has a large biomass and is

resistant to biotic and abiotic stresses, making it a promising

crop for the future. A desirable O. alta ecotype and created

mutant lines with improved agricultural traits using CRISPR

has recently been identified (Yu et al., 2021). These studies

have laid the foundation for the accelerated domestication of

wild plant species.

The de novo domestication also has the great potential to in-

crease yields and nutrient contents of orphan crops to suit local

needs. The yields of these wild crops are much lower than those

of cultivated crops, but they are resilient to environmental

stresses and can be grown on marginal lands (López-Marqués

et al., 2020; Figure 4D). Lemmon et al. (2018) showed that ground

cherry (Physalis pruinosa), an orphan crop distantly related to to-

mato, could be rapidly improved through accelerated domesti-

cation. Other orphan crops, such as sorghum (Sorghum bicolor),

millet (Setaria viridis), cowpea (Vigna unguiculata), quinoa (Che-

nopodium quinoa), cassava, and teff (Eragrostis tef), are good

startingmaterials for de novo domestication. The creation of fully

domesticated new cultivated crops would likely require iterated

editing events in addition to classic breeding and other technol-

ogies (Van Tassel et al., 2020). Leveraging de novo domestica-

tion to convert orphan crops to new super crops might be an

effective way to secure global food supply. It is worth recalling

that the introduction of a new staple food, namely potato, to
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Europe played a key role in European population growth and ur-

banization during the 18th and 19th centuries (Nunn and

Qian, 2011).

Haploid induction and artificial apomixis

Traditional plant breeding requires six to seven generations of

self-pollination to deliver highly homozygous, stable cultivars.

The production of doubled haploids effectively fixes recombi-

nant haploid genomes within two generations, thereby dramati-

cally accelerating the breeding process and reducing costs

compared with traditional lengthy breeding procedures. The

direct editing of endogenous plant genes is an efficient approach

to produce haploid inducer lines. Knockout of MTL/PLA1/NLD,

encoding a sperm-cell-specific phospholipase, led to the gener-

ation of defective male gametophytes and a maternal haploid in-

duction phenotype in maize, rice, and wheat (Zhu et al., 2020).

Similar results were obtained in maize by manipulating DMP

via CRISPR-mediated mutagenesis (Zhong et al., 2019;

Figure 4E).

CRISPR-Cas9-mediated deletion of the N-terminal a-helix of

CENH3 resulted in the production of a haploid inducer line in

A. thaliana (Kuppu et al., 2020). Genome editing of TaCENH3a

in wheat led to a haploid induction rate of �7%; editing restored

frameshift alleles for heterozygous genotypes triggered higher

paternal haploid induction rates than homozygous combinations

(Lv et al., 2020). Importantly, several transformation-recalcitrant

crop varieties were successfully modified by haploid induction

editing (HI-Edit) (Kelliher et al., 2019) and haploid inducer-medi-

ated genome editing (IMGE) (Wang et al., 2019a). HI-Edit/IMGE

enables direct genomic modifications into any elite commercial

background and produces transgene-free edited crops when

pollinated by a haploid inducer line carrying a CRISPR-Cas

cassette targeting for a desired agronomic trait.

Seed development in flowering plants (angiosperms) is trig-

gered by double fertilization, in which the haploid egg cell and

the diploid central cell each fuse with a sperm cell, resulting in

a diploid embryo and triploid endosperm (Berger et al., 2008).

In some species, seeds can be propagated asexually via a pro-

cess known as apomixes. This process leads to the production

of genetically identical seeds, which serve many applications in

plant breeding (Sailer et al., 2016). Apomixis occurs naturally in

>400 species. However, this process does not occur inmostma-

jor crops and is very difficult to engineer by conventional

breeding (Willmann, 2019). Three major steps are required for

apomixis: the formation of unreduced female gametophytes

(apomeiosis), embryo development from gametophytes without

fertilization of the egg cell (parthenogenesis), and fertilization of

the endosperm. Apomeiosis, or ‘‘mitosis instead of meiosis’’

(MiMe), can be induced in rice by knocking out themeiotic genes

REC8, PAIR1, and OSD1 via CRISPR-Cas9 (Khanday et al.,

2019; Wang et al., 2019b; Figure 4E). One approach to creating

apomictic plants is genome elimination. Wang et al. (2019b)

demonstrated that Cas9-induced knockout of rice MATRI-

LINEAL (MTL) led to haploid induction, and the simultaneous

editing of OSD1, PAIR1, REC8, andMTL yielded plants that pro-

duced clonal seeds. Another approach is to trigger the embry-

onic development of female gametes without fertilization

(Figure 4E). The misexpression of BBM1 in unfertilized egg cells

triggered embryogenesis in rice. Combining this process with
MiMe mutations generated by editing resulted in synthetic

apomixis (Khanday et al., 2019). Since the genes used in both

of these approaches are conserved in other plants, these

methods should be applicable to other major crops (Willmann,

2019). Despite the success of clonal seeds in rice,more improve-

ments are needed before realizing the practical use of synthetic

apomixis in modern agriculture, such as toward the fixation of

hybrid vigor. Manipulating endosperm fertilization could facilitate

the generation of synthetic apomixis in crops.

Large-scale screening for trait discovery

It is essential to understand the genetic regulation of beneficial

traits in order to apply genome editing to plant breeding.

CRISPR-Cas9 screens can be used as a forward genetic

screening tool for the genome-wide characterization of the rela-

tionship between genotypes and phenotypes (Gaillochet et al.,

2020). For this type of screening, Cas9 is expressed together

with a library of sgRNAs that target many or all genes in a plant.

Following plant transformation, edited plants are regenerated

and their progeny screened for a trait of interest. The genes or

mutants of interest are identified through sequencing the sgRNA

of enriched variants. CRISPR-Cas9 has been successfully used

for genome-wide screening in rice (Lu et al., 2017; Meng et al.,

2017) and to generate mutant populations in tomato (Jacobs

et al., 2017), soybean (Glycine max) (Bai et al., 2020), and maize

(Liu et al., 2020a; Figure 4F). This approach is more effective for

generating genome-wide mutations in plants than chemical,

physical, or transposon mutagenesis. However, current CRISPR

screens in plants require laborious plant tissue culture proced-

ures. In the future, perhaps single-cell or protoplast-based

screening methods that take advantage of robust phenotypic

readouts and single-cell sequencing could speed the future of

trait discovery.

Another important application of large-scale screening by

CRISPR-Cas involves the introduction of saturated mutations

in a gene or its functional domain followed by a directed-evolu-

tion screening for trait engineering and new trait discovery

(Figure 4F). This approach requires the production of a variety

of mutants using an sgRNA library as well as efficient methods

for screening and selecting plants with desired properties (Gion-

friddo et al., 2019). CRISPR-Cas9 has been successfully ex-

ploited for directed protein evolution in the native plant environ-

ment by coupling Cas9 with a library of sgRNAs tilling all

potential sites on both strands of the relevant coding sequence

(Butt et al., 2019). Nevertheless, the predominant mutations

induced by Cas9 are indel-associated frameshifts, making it

difficult to generate all the amino acid substitutions needed for

the generation of SNPs, the most common sources of genetic

variation in nature (Capdeville et al., 2020). Base editors are tools

ideally suited for overcoming this difficulty. For example, a library

of sgRNAswas delivered into plant cells together with either CBE

or ABE to promote the evolution of herbicide resistance by

generating functional variants of OsACC in rice (Liu et al.,

2020b). Moreover, dual cytosine and adenine base editors

were developed to generate simultaneous C$G to T$A and A$T

to G$C conversions and have been used for near-saturation

mutagenesis of the chosen target domain of OsACC (Li et al.,

2020a). Both known and novel variants were recovered in these

CRISPR-directed evolution campaigns. However, only a limited
Cell 184, March 18, 2021 1629
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number of plant proteins can be engineered in this manner.

Methods for iterative mutation and selection using single cells

or protoplasts could expand the utility of approach in the future.

Challenges and future perspectives
Increasing precise genome editing efficiency

Despite the latest technical advances in plant genome editing, it

is still not possible to generate all desired changes in a genome.

Precise genome editing, such as the generation of targeted base

substitutions, gene insertions/deletions, and gene replace-

ments, is urgently needed for trait improvement in crops. In prin-

ciple, HDR-mediated genome editing could be used to precisely

re-write any genome and produce a specified edit. Various stra-

tegies have been used to improve HDR efficiency in plant cells,

such as the use of geminivirus constructs (Baltes et al., 2014),

an in planta gene targeting (GT) system (Fauser et al., 2012), or

chemical modification to stabilize donor templates (Lu et al.,

2020). HDR efficiency can also be enhanced by bringing the

donor DNA template close to the DSBs (Ali et al., 2020), manip-

ulating DNA repair pathways (Christian et al., 2013), taking

advantage of specific cell-cycle phases and cell types (Wolter

et al., 2018), or using different SSNs (Merker et al., 2020; Wolter

and Puchta, 2019). Although precise HDR-mediated genome

editing has been reported in many plants based on the above-

mentioned strategies, the process itself is still extremely ineffi-

cient in somatic plant cells (Steinert et al., 2016).

To overcome these limitations, the newly developedDNAbase

editing systems (CBE and ABE) provide efficient and simple

ways to convert a specific DNA base into another base at a

targeted genomic locus; however, this is currently limited to

C$G to T$A and A$T to G$C substitutions (Chen et al., 2019).

Therefore, other base editing systems, such as C$G to G$C

(Kurt et al., 2021; Zhao et al., 2020), must be developed through

engineering deaminases, manipulating the DNA repair pathway,

or protein engineering. In addition to base editing, prime editing

could be used to generate any base substitutions, but they

currently exhibit rather low editing efficiencies. Since the activity

of a prime editor is determined by many factors, such as the ac-

tivity of the RT, the length of the PBS in the pegRNA, and the RT

template, more strategies are needed to improve prime editor

activity in plant cells. Although prime editing cannot generate

large gene insertions, recently discovered CRISPR-associated

transposases can integrate DNA into bacterial genomes at

high efficiency (Klompe et al., 2019; Strecker et al., 2019), open-

ing the door to a future possibility of large DNA insertions into

plant genomes.

Improving the specificity of genome editing

Off-target effects are one of the major concerns in genome

editing. CRISPR technologies generate two types of off-target

edits: sgRNA-dependent and sgRNA-independent off-target

edits. sgRNA-dependent off-target edits are induced by editing

off-target sites that contain mismatches to the on-target sgRNA

sequence. Whole-genome sequencing suggested that CRISPR-

Cas systems do not induce sgRNA-independent off-target ef-

fects in rice or cotton (Li et al., 2019; Tang et al., 2018). However,

some CBEs induce genome-wide sgRNA-independent off-

target mutations in rice (Jin et al., 2019; Jin et al., 2020b), which

are triggered by the cytidine deaminase activity in ssDNA regions
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genome wide. Compared with conventional mutation breeding,

which introduces many unintended mutations into the plant

genome, plant genome editing is highly specific. Moreover, a

limited number of off-target mutations can be eliminated by

backcrossing. The specificity of CRISPR-Cas can be enhanced

by transiently expressing the editing reagents, as demonstrated

in wheat and maize (Liang et al., 2017; Svitashev et al., 2016), by

employing rationally designed guide RNAs (Bae et al., 2014), or

by using engineered precise variants of Cas9, Cas12a and de-

aminases (Zhang et al., 2019b; Jin et al., 2020a). However,

further research is needed to address the propensity for off-

target editing, especially in developing more sensitive methods

to detect genome-wide off-target mutations in plants, and in

identifying improved or new editors with higher specificity. I

believe that off-target effects of plant genome editing will not

be an issue as the technology advances.

Optimizing plant cell delivery and regeneration systems

The ideal plant genome editing reagent delivery system is geno-

type independent, tissue culture free, and directly applied to

specific tissues, such as meristems, leaves, seeds, or hypo-

cotyls. The current delivery methods include particle bombard-

ment, transformation mediated by Agrobacterium, polyethylene

glycol (PEG), viral vectors, and nanoparticles. The fusion of an

sgRNA and an endogenous mobile RNA sequence expressed

by an RNA virus was recently shown to migrate to meristematic

regions and generate heritable mutations (Ellison et al., 2020).

Nanoparticles and other new materials might serve as useful ve-

hicles for editing reagents (Cunningham et al., 2018). For

example, carbon nanotubes could be used to deliver DNA into

plant leaves, leading to successful protein expression (Demirer

et al., 2019). If this system could deliver genome editing reagents

into the shoot apical meristem, tissue culture-free editing could

be achieved.

Once genome editing reagents are delivered into somatic

cells, subsequent tissue culture and plant regeneration are

required to obtain edited plants (Atkins and Voytas, 2020); how-

ever, this regeneration step is extremely challenging in most

crops (Altpeter et al., 2016). Plant regeneration is based on the

totipotency of somatic cells, which distinguishes plant cells

frommost other eukaryotic cells (Vasil and Vasil, 1972). Develop-

mental regulators (designated boosters) that promote somatic

embryogenesis have been used to boost plant regeneration (Fig-

ures 2B and 2C). Overexpressing two developmental regulators,

WUSCHEL (WUS) and BABY BOOM (BBM), improves regenera-

tion frequencies in various transformation-recalcitrant geno-

types and species (Lowe et al., 2016). Although stable transfor-

mation of WUS and BBM causes morphologic defects and

sterility in maize, the use of suitable promoters to control for

tissue- and timing-specific expression of WUS and BBM allevi-

ates their pleiotropic effects (Lowe et al., 2018). GROWTH-

REGULATING FACTORs (GRFs),GRF-INTERACTING FACTORs

(GIFs), and GRF-GIF chimeras have also been used to improve

the regeneration efficiency of various monocot and dicot plants

(Debernardi et al., 2020; Kong et al., 2020). In contrast to WUS

andBBM,GRFs,GIFs, and GRF-GIF chimeras have no apparent

side effects when they are constitutively expressed, bypassing

the laborious and time-intensive steps of excising them after

transformation but before regeneration process. Developmental
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regulators can also be used to generate genome-edited dicots

through de novo meristem induction, which sidesteps the need

for tissue culture (Maher et al., 2020). Despite these promising

techniques, plant genetic transformation and regeneration still

require the use of specialized facilities, making it necessary to

simplify these two processes to enable routine plant genome ed-

iting in most laboratories.

Plant synthetic biology

Synthetic biology is a new strategy used to accelerate the devel-

opment of novel agronomic traits. The CRISPR-Cas system has

great potential for improving plant design and synthetic biology

(Figure 4G). By editing endogenous genes or introducing foreign

genes encoding various enzymes or signaling pathway compo-

nents, researchers have been able to redirect inherent metabolic

networks or establish newpathways in plants in order to produce

foods enriched in the desired natural or artificial compounds

(Chen et al., 2019; Figure 4G). CRISPR-Cas-mediated multiplex

gene editing and regulation could be used to accomplish this

synthetic biology task. For example, photosynthesis systems in

plants are far from perfect, as Rubisco, the core enzyme that

functions in the photosynthetic pathway, is inefficient for CO2 fix-

ation and poisoned through photorespiration, leading tomassive

losses of carbon, nitrogen, and energy. By introducing compo-

nents to artificially bypass photorespiration (South et al., 2019)

or by redesigning Rubisco (Gunn et al., 2020) via CRISPR-medi-

atedDNA insertion, the photosynthetic efficiency and biomass of

plants could be increased. Beyond these prospects, genome

editing could also facilitate other aspects of plant synthetic

biology, such as building plant biosensors tomonitor intracellular

signals or plant biorecorders to detect environmental stimu-

lation.

Plant microbiome engineering

In nature, plants are exposed to trillions of microbes, including

bacteria, fungi, protozoa, archaea, and viruses (Mueller and

Sachs, 2015). Beneficial plant-microbiome interactions can

improve plant growth or control pathogens. Inoculating micro-

biomes within a consortium of plant growth-promoting rhizobac-

teria can enhance plant development and help protect plants

from both pathogens and abiotic stress (Arif et al., 2020). Hence,

the microbiome is considered to represent a ‘‘second genome’’

in plants. The plant microbiome influences plant growth by

altering nutrient absorption and gene expression and by acting

as a biocontrol pathogen. Microbiome engineering has already

had a significant effect on agricultural production (Mueller and

Sachs, 2015). Recent advances in high-throughput sequencing

and CRISPR-mediated genome editing have provided insights

into the roles of bacterial genes in microbial communities, and

these new approaches to modify the microbiome may improve

future crop growth and pathogen resistance (Figure 4H).

The CRISPR system could be used to precisely edit the ge-

nomes of specific organisms within a complex microbial com-

munity (Rubin et al., 2020). These edited organisms could then

be returned to the laboratory environment to study whether a

specific modification results in new characteristics in the host

plant, such as improved nutrient absorption or pathogen

resistance. Such information would reveal the exact function of

a specific organism within a microbial community. The CRISPR

system could first be transformed into a microbial community,
followed by delivery into a natural plant growth environment,

such as soil and leaves. The CRISPR system could also be

transferred from modified microbes to other microbial commu-

nity members via interactions and conjugation, leading to in

situ genome editing of the plant microbiomes (Figure 4H). Such

precise genome editing of plant microbiomes would enable

new approach for improving crop production.

Contributing to a science-based regulatory framework

for genome-edited crops

The regulation and social acceptance of genome-edited plants

are crucial for the development of new breeding technologies

and their derived crops and products, but these steps remain

problematic (Lassoued et al., 2019). Currently, process-based

or product-based regulatory approaches are employed when

regulating genome-edited crops. The European Union uses pro-

cess-based regulations, while Canada, the United States, and

Argentina are proponents of the product-based approach, but

most other countries have not yet established their regulatory

frameworks (Lassoued et al., 2020; Scheben and Edwards,

2018). To date, several edited plants have been fully approved

using the product-based approach. Most of the genome-edited

plants currently waiting for approval in the regulatory pipeline

have been filed by public research institutions and small- or me-

dium-sized companies (Friedrichs et al., 2019). However, if a

restrictive regulatory approach is adopted and treats edited

plants as GMOs, it would create huge financial burdens that

only large multinational companies could tolerate. Regulations

must be reasonable and easy to navigate for transgene-free edi-

ted products (Zhang et al., 2020c). A science-based regulatory

framework for genome-edited crops has been proposed (Huang

et al., 2016). Since genome editing is not a single technology but

rather a molecular toolbox, a comprehensive, one-size-fits-all

regulatory approach may be unsuitable. Instead, a tiered regula-

tory system should be used to accommodate both existing and

future technologies (Chen and Gao, 2020; Lassoued et al., 2020;

Macnaghten and Habets, 2020). More effort is needed to ensure

regulatory transparency and open dialog. Public communication

should be fact-based and science-based (Friedrichs et al.,

2019). We should open the conversation and engage with

different voices, including those from developing and underde-

veloped countries where increased food production is most

needed. Nonetheless, reconciling the conflicting interests of

different stakeholders is bound to pose a major challenge (Las-

soued et al., 2020).

Conclusions
The development of genome editing technologies in plants en-

ables a breadth of opportunities for plant breeding. Efficient, pre-

cise, and targeted mutagenesis via genome editing has laid the

foundation for many next-generation breeding strategies that

will revolutionize the future of agriculture. To exploit the full po-

tential of plant genome editing, all approachesmust be explored.

Genome editing allows for a combination of genetic traits to be

rationally designed into crops. These precise and efficient tech-

niques when used for rapid plant breeding results in outcomes

similar to those of classical breeding. However, it is unlikely

that genome editing-based next-generation breeding will

completely displace conventional approaches; only when
Cell 184, March 18, 2021 1631
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combined with other technologies, such as high-throughput

phenotyping, genomic selection and speed breeding, can we

guarantee the widespread implementation of genome editing

in agriculture. This multidisciplinary approach will advance plant

breeding to help secure a second Green Revolution in order to

meet the increasing food demands of a rapidly growing global

population under ever-changing climate conditions.
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