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Abstract Recent breakthroughs in CRISPR technology
allow specific genome manipulation of almost all crops
and have initiated a revolution in precision crop breeding.
Rationally-based regulation and widespread public accep-
tance are needed to propel genome-edited crops from
laboratory to market and to translate this innovative
technology into agricultural productivity.
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1 Introduction

The main task of modern agriculture is to feed the rapidly
growing human population under conditions of reduced
arable land area and water resources and a changing
climate. Agriculture has increasingly benefited from elite
crop cultivars produced by advanced breeding technology
since the first Green Revolution increased wheat and rice
yields by exploiting semi-dwarf genes in the 1960s.
Conventional breeding methods (cross breeding and
mutation breeding) as well as transgenic breeding have
made enormous contributions to increased food produc-
tion, but new cost-effective and safe approaches are needed
to meet future demand. Currently, cross breeding improves
cultivars by crossing compatible germplasm to introduce
genetic variants and by selecting outstanding progeny with
the desired trait!'!. Mutation is induced by exposure to
mutagens such as ethyl methanesulfonate (which mainly
induces single base C to T and G to A substitutions) and
irradiation with, for example, X-rays (which usually
induce small deletions of no more than 20 bp)*. All
these conventionally bred cultivars have good safety
records and fall outside regulatory controls worldwide.
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Transgenesis produces genetically-modified (GM) crops
by transferring foreign genes into elite background
cultivars. However, the procedure raises concern in terms
of potential risks to health and the environment due to the
random integration of foreign DNA into the host genome.
This has provoked strict regulation and permission is
required for commercial exploitation in most countries!”’.
Genome editing, involving targeted manipulation of the
genome by site-directed nucleases (SDNs), provides a
powerful tool for precision crop breeding. The great
advantage of this technology is that it can introduce novel
traits without threatening the stability of the whole
genome, and the genome-edited plants cannot be distin-
guished from unmodified plants. The clustered regulatory
interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein (Cas) systems are the most widely
adopted SDN. Precision plant gene editing was selected
as one of the ten breakthrough technologies in 2016 by the
MIT Technology Review because of the contribution of its
great potential to solve the future food crisis. The prospect
of a new green revolution made possible by genome
editing is approaching. However, most research has been
in the form of proof of concept. Scientifically-based
regulation of genome edited crops (GECs), positive and
effective public communication, and optimization and
development of the technology are key elements needed to
propel these novel products from the laboratory to the
marketplace worldwide to benefit from this innovation.

2 Development and application of CRISPR
genome editing technologies for precision
crop breeding

Plant CRISPR genome editing has made great progress!”
since the first use of CRISPR/Cas9 in plants was reported
in 201371, Cas9, Casl2a, Cas12b, Cas13a, Cas13b and
many variants demonstrated DNA or RNA editing abilities
have been added to the toolbox. Targeted gene knockout,
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gene replacement, gene insertion, and multiplex editing
with CRISPR/Cas9 or CRISPR/Casl2a have been con-
ducted in many plant species.

CRISPR reagents (Cas/sgRNA) are delivered into plant
cells via Agrobacterium-mediated transformation or parti-
cle bombardment to generate edited crops, and mutant
plants are regenerated from the edited cells by tissue
culture!™. Normally, the Cas/sgRNAs induce DNA double
strand breaks (DSBs) which recruit the DNA repair
pathways of non-homologous end joining (NHEJ) and
homologous repair (HR), leading to editing via gene
knockout, replacement or insertion (Fig.1). The NHEJ]
repair pathway, which is supplied with an SDN only, is an
error-prone repair pathway and usually induces insertions
of a small number of base pairs or small deletions (indels)
at the breaks. Given that NHEJ is the predominant repair
pathway, targeted sequence mutations (which we classify
as SDN-1) are the most common outcome. The HR repair
pathway, supplied with homologous DNA templates along
with SDN:ss, is used to introduce specific point mutations or
sequence replacements (SDN-2) or to insert desired
sequences (SDN-3) at the target site. Also, the program-
mable DNA binding ability of the CRISPR/Cas system
provides a versatile platform for recruitment of different
functional domains to target sites. Precise base pair
substitutions can also be generated even in the absence
of DSBs.

Base editing (BE) provides an efficient and simple
strategy for obtaining base pair substitutions independent
of HR and without generating DSBs and providing
template DNA. The main principle of BE is to fuse a
deaminase to nCas9 or dCas9". The sgRNA directs the
nCas9/dCas9-deaminase to the target sequence and the
deaminase converts the targeted base pairs in the editing
window. Two types of base editors, cytosine base editors

Targeted site

and adenine base editors, have been used in plants. Most
recently, Anzalone et al. have introduced prime editing
(PE) in which an engineered reverse transcriptase and a PE
guide RNA are combined with CRISPR/nCas9!'’!. This
technology involves no DSBs or donor DNA template and
is a powerful and versatile search-and-replace tool that can
generate all 12 base-to-base conversions as well as targeted
deletions and insertions, and even combinations of these
changes. There is no doubt that PE will soon be applied to
crop plants.

In addition, the development of genome editing methods
that do not involve the use of foreign DNA is likely to
overcome regulatory barriers and alleviate public concern.
Using purified Cas9 and in vitro-transcribed sgRNAs to
form ribonucleoproteins (RNPs), DNA-free genome edit-
ing methods have been used in Arabidopsis, lettuce, maize,
rice, tobacco and wheat!'! 131,

3 Applications in precision crop breeding:
from trait improvement to new crops

Substantial progress has been made in the field of precision
crop breeding with the development of CRISPR technol-
ogies. Applications have varied from trait improvement to
innovative cross breeding and exploited in creating new
crops by de novo domestication of wild species!”). The
main contributions of CRISPR have been improvements in
key agronomic traits and the incorporation of novel traits
that could not be obtained by cross breeding methods.

3.1 SDN-1 mediated trait improvement

SDN-1 has been used to create loss-of-function null
mutants by generating a frameshift or introducing a stop
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Fig. 1

Classification of CRISPR/Cas genome editing techniques according to DNA repair mechanism.
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codon. The most common SDN-1-mediated trait improve-
ments have involved knocking out negative control genes
or elements in order to improve yield or quality, or increase
biotic- or abiotic-stress resistance. For instance, powdery
mildew is a devastating worldwide disease of cereal crops.
No natural hexaploid bread wheat germplasm with durable
resistance to powdery mildew has been discovered due to
the genetic redundancy of bread wheat. In 2014, Wang
et al. generated powdery mildew-resistant wheat!'*) using
TALEN and CRISPR to disrupt all three homeologs of the
TaMLO gene, and in so doing, genome editing created
genetic variants that cross breeding could not. The capacity
of CRISPR to perform multiplex editing has allowed the
development of the procedure of trait stacking by which
Xu et al. simultaneously knocked out three grain weight-
related genes (GW2, GWS5 and TGW6) to increase rice
grain weight!'>), More importantly, Sanchez-Leon et al.
created a low-gluten wheat designed for patients with
celiac disease!'®! through simultaneous knockout of most
of the conserved domains of nearly 100 o-gliadin family
members. In addition to disrupting gene function by
deleting coding sequences, it has proved possible to fine-
tune gene regulation by knocking out regulatory elements.
Zhang et al. showed that disrupting endogenous upstream
open reading frames (UORFs) could increase the transla-
tion of certain mRNAs!' 7). Thus, by editing the uORF of
LsGGP2, they obtained a modified lettuce with about
150% increased ascorbate content. Recently, targeted
disruption of the promoter of rice SWEET gene was
shown to be an efficient solution to rice bacterial blight!'®!,

Concurrently, genome editing has removed some cross-
breeding bottlenecks. For example, hybridization is a very
successful approach for improving crop productivity and
adaptability, but the heterosis of F1 hybrids is not retained
in subsequent generations and the cost of hybrid seed
production is prohibitive. Through substituting mitosis for
meiosis by simultaneously knocking out three key meiotic
genes, RECS, PAIRI and OSDI, Khanday et al.l"! and
Wang et al.?%! independently were able to fix hybrid vigor
by propagating seeds produced either by specific expres-
sion of BBM1 in the egg or knocking out MTL in hybrid
rice.

3.2 SDN-2 and SDN-3 mediated trait improvements

SDN-2-mediated gene replacement and SDN-3-mediated
gene insertion can confer traits by producing base pair
substitutions or gene expression changes or by adding new
function; hence, they are of great value in crop improve-
ment. Trait improvements through gene replacement or
gene insertion have been limited so far due to the low
efficiency of the HR pathway. The most impressive
example to date is the production of drought tolerant
maize. Shi et al. increased ARGOSS expression by
substituting a stronger GOS2 promoter in place of the
native promoter'?'!. Herbicide resistance traits, which can

be enriched by selection, are also a good example of this.
For example, Sun et al. created sulfonylurea-based
herbicide-resistant rice through HR-generated base sub-
stitutions in ALS'?). TIPS EPSPS glyphosate-resistant rice
was created based on an intron-targeting strategy using
NHEJ instead of the less efficient HR-mediated gene
replacement and insertion**),

3.3 Trait improvements developed by BE

Single nucleotide polymorphisms (SNPs) are the main
source of genetic diversity. Introducing elite SNPs into
modern cultivars is therefore an efficient approach to crop
improvement. A popular application of BE has been to
introduce base pair changes in target genes that confer
herbicide resistance in crops such as cotton, maize, rice,
watermelon and wheat. Wheat strains with tolerance to
multiple herbicides such as sulfonylurea-, imidazolinone-
and aryloxyphenoxy propionate-type herbicides have
recently been generated by BE*,

3.4 Creating new crops

Plant domestication can be traced back to over 10000 years
ago. Direct selection applied to wild plants over a long time
has succeeded in increasing productivity but has often been
accompanied by loss of fitness and of genetic diversity. De
novo domestication of wild species to create new crops by
genome editing has been achieved” "1, For example, by
multiplex editing of coding regions of SELF-PRUNING
and SELF-PRUNING 5G, together with cis-regulatory
regions of CLV3 and WUS or uORFs of GGPI, Li et al.
generated a de novo domesticated tomato with compact
plant architecture, synchronized fruit ripening, day length
insensitivity, enlarged fruit size and increased vitamin C
levels!?’!. These innovations represent successful attempts
at developing new improved crops in order to avoid future
crises and maintain food security in sustainable low-input
agricultural economies.

4 The global regulatory landscape for
genome-edited crops

Since last century biotechnology regulations have been
ratified in most countries to ensure that crops that have
been genetically modified by modern biotechnology are as
safe as conventional products of traditional breeding!*®!.
Product-based and process-based regulation are alternative
regulatory frameworks adopted in different countries and
regions®”1. In product-based regulation, only the improved
trait and the biological product itself are the objects of
regulation; conversely, process-based regulation is based
the use of a GM process.

GECs do not fit well in the existing GMO regulatory
framework as a result of the explosion in technological
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innovations, and it seems time to refine the current
regulatory rules to fit the new products. More and more
countries such as Argentina, Australia, Brazil, Canada,
Chile, Japan and the United States are starting to amend
their rules to deregulate certain GECs. In 2015, using a
case-by-case process, product-based Argentina created the
world’s first legislation (Resolution 173, 2015) that
accepted that new plant breeding technology bred plants
(including GECs), without novel recombination and
having no resident transgenes, need not be covered by
GMO regulations®”!. Other South American countries
including Chile, Brazil and Colombia have announced
similar decisions”®'). Regulation in Canada, a typical
country with product-based regulation, depends on the
novelty of the created trait: if it is not novel, then it does not
need to be regulated regardless of what breeding method is
adopted®?. Despite adopting a process-based regulatory
framework, Australia opened the door to the planting and
commercialization of GECs in 2019. It announced that if
no new genetic material was introduced, genetic edits
made without templates (such as SDN-1) were exempt
from regulation®*). Also, GECs modified by DNA-free
editing with Cas9/sgRNA RNP were not subject to
regulation since from the step of modification occurs. In
the same year, Japan announced a new policy according to
which loss-of-function GECs without resident foreign
DNA were the same as non-GECs and GE foods and were
permitted in the market while registration was pending™**.
The United States prefers a case-by-case product-based
regulatory approach. According to a USDA statement in
2018, GECs based on deletions or single base pair
substitution will not be regulated as long as they are not
plant pests or have been developed using plant pests™.
Many GECs such as powdery mildew resistant wheat,
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drought and salt tolerant soybean, camelina with increased
oil content, waxy corn and anti-browning mushrooms have
already received approval for commercial use. In March
2019, Calyxt announced that Calyno™ high oleic soybean
oil produced by GE soybeans would shortly be on the
market in the USA. In 2018, 13 nations including
Argentina, Australia, Brazil, Canada and the USA issued
a joint statement which agreed to support agricultural
applications of precision biotechnology™®.

In contrast, under a process-based regulatory frame-
work, the EU following European GMO Directive 2001/
18/EC declared in 2018 that all the above GECs were
subject to GMO regulation®”). Many other countries
including China are watching developments and have not
yet decided how to regulate GECs. Worldwide delays in
legislation have increased the time-lag between the rapid
development of GECs and market commercialization.

5 Scientific aspects of regulation of
genetically-edited crops

In view of the major benefits to human life expected from
GE innovations, Huang et al. and their colleagues from the
USA, China and Germany have proposed a five-step
product-focused regulatory framework for GECs™®l. This
proposal provides scientific guidelines for the development
of regulations. To provide a rational basis for regulation,
we suggest classifying GECs according to the nature of the
products and the editing method used.

As described before, there are three types of DSB-
dependent editing methods (Fig.2). SDN-1, small indel
mutations without template DNA, have something in
common with changes produced by random mutagenesis
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Fig. 2 Scientific regulation of GECs developed by different genome editing techniques.
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but are much more specific and straightforward. SDN-2,
point mutations or sequence replacements made in
conjunction with short template DNAs but identical to
their target sequences except for a few base pairs and
resemble normal DNA repair involving different alleles.
SDN-3, with inserts of new DNA sequences at predeter-
mined sites, are more specific than random insertions and
avoid the side-effects of the latter. There are also two other
types of editing methods (BE and PE) that are the result of
DSB-independent editing. BE, single base pair substitu-
tions without the involvement of DSBs or template DNA,
are essentially alternatives to SDN-2. PE provides a
complementary method for generating genetic changes,
such as precise deletions and nucleotide substitutions, that
cannot be achieved with current genome editing tools in
plants.

The GECs produced by SDN-1, BE and PE do not
contain any exogenous DNA fragments, but carry
substitutions or other DNA modifications similar to or
indistinguishable from mutants obtained by mutagenesis.
So, from a scientific and safety perspective, if no novel
traits are introduced, these products should be treated like
conventionally bred cultivars exempted from GMO
regulation (Fig.2). In the case of GECs produced by
SDN-2, regulation should depend on the length of the
template DNA used; provided it is shorter than 20 bp,
regulation should not be needed. Finally, GECs produced
by SDN-3 should be subject to GMO regulation, either
process- or product-based.

6 Challenges and prospects

Genome editing is an accurate and timesaving innovation
that provides an unprecedented ability to facilitate
precision crop breeding. However, most of the achieve-
ments, genetically-edited crop plants, remain as experi-
mental products in laboratories. The challenges for both
science and society need to be carefully considered.

In terms of the science, target gene selection and genome
editing are the two key steps in producing a precision crop
breeding pipeline. The discovery of target genes related to
important agronomic traits and further developments in
genome editing are therefore the two most important tasks.
Although low cost genome sequencing technology has
yielded more than 200 plant genome sequences:”’, there
are only a few candidate genes for editing. A bottleneck to
discovering target genes is in linking the very large amount
of available sequence data to specific traits. This will
require developing large scale approaches to connecting
phenotype with genotype to efficiently detect trait-gene
associations, and to identify and prioritize candidate genes
that promote crop improvement. Another challenge of
CRISPR technology is the low efficiencies of delivery
systems, which greatly impedes the widespread adoption
of genome editing of crops. The major delivery systems

currently established in crops are inefficient, tissue culture-
dependent and restricted to a limited number of genotypes
in a few crop species. Increasing delivery efficiency and
developing genotype-independent and tissue culture-free
delivery systems via the germ line or meristematic cells are
therefore key challenges.

Governments, developers, growers, and consumers all
play important roles in the genome editing economy chain.
Active cooperation and communication between them are
critical to enhance GECs and related products and move
them into the market. Governments should protect the
benefits of all parts, thus rational regulatory mechanisms
are required to manage GEC production and guarantee that
all information is open to the public. Public trust in
developers impacts the perception of benefits and the risk
of GECs too. Traceable systems for GEC products will be
helpful. At this stage, independent licensed organizations
may help to narrow the gap between developers and
consumers and to evaluate scientifically the safety of GECs
and products. Consumers will be the most important factor
in commercializing genome editing products. However,
persuading people of different educational backgrounds to
trust novel agricultural products, given the widespread
conservatism about GM foods and products, is a major
challenge. Hence, positive and effective public commu-
nication to help the public understand this novel
technology, and at least to treat GE food differently from
GM food, would be a start. In this situation we strongly
suggest creating a regulatory framework based not only on
scientific considerations but also on public acceptance. We
recommend that researchers use DNA-free editing with
Cas9 RNP and base editor RNP to produce GECs and that
the regulatory authorities be more open with the public
since transparency should help gain public trust.

Genome editing has been used as a new plant breeding
technique and genome-edited crops are on the point of
commercialization. However, whether genome editing will
revolutionize agriculture and realize its tremendous
potential for crop breeding will depend on how regulators
and society respond.
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