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Summary
Human population growth has increased the demand for food crops, animal feed, biofuel and

biomaterials, all the while climate change is impacting environmental growth conditions. There is

an urgent need to develop crop varieties which tolerate adverse growth conditions while

requiring fewer inputs. Plant breeding is critical to global food security and, while it has benefited

from modern technologies, it remains constrained by a lack of valuable genetic diversity, linkage

drag, and an effective way to combine multiple favourable alleles for complex traits. CRISPR/Cas

technology has transformed genome editing across biological systems and promises to transform

agriculture with its high precision, ease of design, multiplexing ability and low cost. We discuss

the integration of CRISPR/Cas-based gene editing into crop breeding to advance domestication

and refine inbred crop varieties for various applications and growth environments. We highlight

the use of CRISPR/Cas-based gene editing to fix desirable allelic variants, generate novel alleles,

break deleterious genetic linkages, support pre-breeding and for introgression of favourable loci

into elite lines.

Introduction

The linking of crop domestication with a century and half of

targeted breeding has led to modern cultivars which display a

blend of desirable traits. Domestication traits include larger fruit

or seeds, loss of natural seed dispersal, altered photoperiod

sensitivity and vernalization responses, and improved grain

threshability (Doebley et al., 2006). This process involved many

complex genetic events and loci shuffling. Numerous domestica-

tion genes have been identified and functionally characterized

(Olsen and Wendel, 2013). While many genetic variants associ-

ated with domestication traits have been fixed within elite

germplasm, other improvement traits such as higher yield and

nutrition, resistance to biotic and abiotic stress, and improved

resource use still vary among crop cultivars and germplasm and

are the focus of many breeding programmes (Abberton et al.,

2016; Doebley et al., 2006; Meyer et al., 2012; Swinnen et al.,

2016). Expanded genetic variation for future improvement of

these traits can be found within germplasm collections; however,

a much wider range of trait variation is found within landraces

and wild relatives (Breseghello and Coelho, 2013; Brozynska

et al., 2016). Harnessing beneficial genetic variation and elimi-

nating maladapted genetic material is a major challenge of crop

breeding.

Plant breeding is the primary means to reshuffle favourable

alleles and develop varieties with superior qualities. Breeding

involves inter-crossing parents with desirable traits to create F1
hybrid lines, and selection of top performing lines from thousands

of progenies over multiple, successive generations (F2–F13;
Fridman and Zamir, 2012). Depending on the species, growth

habit, and starting parental lines, breeding programmes can take

between 6 and 15 years to generate a genetically superior

cultivar for agricultural production (Acquaah, 2012). Molecular

markers associated with major effect quantitative trait loci are

used for marker-assisted selection (MAS). MAS is greatly bene-

ficial in assisting with breeding techniques like backcrossing, for

introgression of a locus from a donor line into an elite cultivar, or

for combining multiple alleles with gene pyramiding (Chen et al.,

2013; Vogel, 2009). These techniques are most often used to

deliver simple genetic traits with large effects. However, most

economically important traits, such as yield or abiotic stress

tolerance, tend to be controlled by many small effect loci

(Gilliham et al., 2017). These traits tend to be more genetically

complex, and often require utilization of multi-omics data for

selection of favourable traits. MAS enables plant selection based

on genomic information, rather than by phenotyping, which

expedites the breeding process and mitigates phenotyping

limitations (Crossa et al., 2017). Genomic selection uses

genome-wide marker data and integrates genomics estimated

breeding values into statistical models or algorithms for genotypic

and phenotypic selection.

However, despite the benefit of molecular tools and genomic

information, combining multiple desirable agronomic outcomes

may still be hindered by genetic correlations between traits. For

example, linkage drag occurs when an undesirable locus is

located in close genetic proximity to a desirable locus, such that
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little to no meiotic recombination occurs between the two, and

the undesirable locus is co-inherited with the desirable locus

(Choi, 2017). Unfavourable repulsion linkages, where desirable

alleles occur on separate homologous chromosome segments but

are unable to recombine (for example, Fhb1 and Sr2 on

chromosome 3B in wheat; Anderson et al., 2001; Zhang et al.,

2016), pose a challenge for introgression of desirable chromo-

some segments into a different genetic background. Breaking

genetic linkage requires meiotic homologous recombination

between the two relevant loci. Depending on the distance

between loci, species and population size, meiotic recombination

rates can vary widely, and identification of a desirable recombi-

nant individual can be difficult or near impossible (Choi, 2017;

Choi and Henderson, 2017).

Overall, the genetic gain of a breeding programme is a function

of heritability and population size, and is largely determined by

the capacity to phenotypically evaluate a large number of plants

in a high-throughput manner (Breseghello and Coelho, 2013).

The rapid development and integration of CRISPR (clustered

regularly interspaced short palindromic repeats)/Cas (CRISPR

associated proteins)-based gene editing into plant science has

created an alternative avenue for crop improvement, and has the

potential to increase speed and precision in plant breeding

programmes.

CRISPR/Cas-based gene editing

CRISPR/Cas-based gene editing enables targeted sequence mod-

ification. Since its initial discovery in bacteria and adaptation into

a eukaryotic gene editing tool, CRISPR/Cas technology has been

used for a variety of genome editing functions. The success of this

technology is related to its high precision, ease of design and

lower cost compared with other gene editing tools (for example,

TALENS or ZFN).

Traditionally, CRISPR/Cas systems comprise of a nuclease with

RuvC and HNH domains (SpCas9; Streptococcus pyogenes), and a

programmable guide RNA (gRNA) with homology to the target

genomic sequence (Doudna and Charpentier, 2014; Jinek et al.,

2012). SpCas9 requires a short, specific protospacer adjacent

motif (PAM) flanking the 3’-end of the target site in the genomic

DNA. Guided by the programmable spacer region of the gRNA,

the Cas nuclease generates a double-stranded DNA break. These

DNA breaks are repaired through one of two endogenous DNA

repair pathways: the error-prone non-homologous end joining

(NHEJ), or the more targeted homology-directed repair (HDR;

Voytas, 2013). Depending on the nature of the DNA break and

how it is repaired, several opportunities for genomic editing are

created. These include gene knock-out via generation of null

alleles (introduced stop codon or large deletions), and creation of

new alleles via specific base-pair edits or ‘knock-ins’ (sequence

inserts; Murovec et al., 2017).

Advances in CRISPR technology

CRISPR/Cas-based technology is rapidly expanding, and improve-

ments are being seen in specificity, precision and off-target

effects, editing capabilities, and ease of use in target organisms.

Particularly notable is the development of novel SpCas9 variants,

Cas9 orthologs and CRISPR-associated enzymes. For example, the

SpCas9 variants known as SpCas9-nickases create single-

stranded DNA breaks, due to mutations in either the RuvC

(Cas9 D10A nickase) or HNH domains (Cas9 H840A nickase).

These nickases have been deployed individually or in pairs to

create staggered DNA breaks, promoting homology-directed

repair, and also to reduce off-target effects (Fauser et al., 2014;

Jinek et al., 2012; Mikami et al., 2016). A second variant,

enhanced SpCas9 or eSpCas9, exhibits modified helicase activity

such that mismatches between the guide RNA and target DNA

are less energetically favourable, leading to increased specificity

(Slaymaker et al., 2016).

Smaller Cas variants not only make lab-based manipulations

significantly simpler, but may also enable delivery of the CRISPR/

Cas system to plant cells using viral vectors (Kleinstiver et al.,

2015a, 2015b; Murovec et al., 2017; Ran et al., 2015). Cas9

orthologs, such as SaCas9, St1Cas9, and NmCas9, are about a

quarter reduced in genomic size as compared to the original

SpCas9 (Cas9 ~ 4.2 Kb, SaCas9 ~ 3.2 kb, St1Cas9 ~ 3.4 Kb,

NmCas9 ~ 3.2 kb). In addition, these orthologs offer more

diverse and longer PAM motifs, thereby increasing specificity

and reducing off-targets effects. The Class 2 Type V effector

protein, Cas12a/Cpf1, contains an RuvC-like domain but lacks the

HNH nuclease domain. These Cpf1 proteins (i.e. FnCpf1, AsCpf1,

LbCpf1) require a shortened gRNA molecule, a T-rich PAM motif,

and generate a staggered double-stranded DNA break (Hu et al.,

2016; Xu et al., 2017; Zetsche et al., 2015). These alternative

properties increase the specificity and versatility of the editing

system.

CRISPR/Cas technology has also been adapted into a nucleo-

tide-editing tool which directs the targeted conversion of a single

nucleotide, without requiring double-stranded DNA breaks, HDR

processes or donor DNA templates (Komor et al., 2016). In this

system, a cytosine or adenosine deaminase domain is fused to a

catalytically inactive CRISPR–Cas9 domain (Cas9 variants dCas9

or Cas9 nickase), and directed to the target DNA via the

sequence specific gRNA. The Cas9-cytosine deaminase fusion

converts cytosine (C) to uracil (U) at target sites; in the presence

of a uracil glycosylase inhibitor to impede uracil excision, the

result is a C ? T (G ? A) substitution (Komor et al., 2016).

Similarly, adenine deaminases, which convert A ? G, have been

deployed in bacteria and human cells (Gaudelli et al., 2017). This

application is especially useful to crops, as a low occurrence of

HDR in plants (0.2–5.5%, compared to 5–20% in animals

and ~ 100% in bacteria) makes gene targeting by HDR difficult

(Bortesi et al., 2016). Moreover, several desirable alleles involve

only a single nucleotide polymorphism (SNP), and base editing

would be relatively simple in these instances. Already, this

approach has been widely deployed in a range of species

including rice, wheat, tomato, potato and watermelon (Kang

et al., 2018; Li et al., 2018a,b; Lu and Zhu, 2017; Shimatani

et al., 2019; Tian et al., 2018; Veillet et al., 2019; Zong et al.,

2018).

The recent development of CRISPR prime editing has

expanded the gene editing tool kit even further (Anzalone

et al., 2019). The prime editing system uses a catalytically

inactive Cas9 fused to an engineered reverse transcriptase,

target-programmed with a prime editing guide RNA (pegRNA).

Using this system, a wide range of edits have been achieved,

including insertions, deletions and point mutations in human cell

lines, and also in rice and wheat protoplasts, without double-

stranded DNA breaks or donor DNA templates (Anzalone et al.,

2019; Lin et al., 2020). Similar to base editing, CRISPR prime

editing does not require HDR, making it highly attractive for use

in plants.
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Delivery of CRISPR technology into plant cells

The CRISPR/Cas-based gene editing tool kit has been deployed

into many of the staple food crops of the world including maize,

wheat and rice (Ansari et al., 2020). In addition, this gene editing

tool has also been applied to a variety of fruit crops, such as

tomato, watermelon, banana, grapes and cucumber (Wang et al.,

2019). In general, agrobacterium-mediated gene transfer is

widely used to transform totipotent cells; however, biolistic gene

transfer, protoplasts transformation and microspore transforma-

tion are also used (Altpeter et al., 2016; Ferrie et al., 2020). Since

Cas9/gRNA activity is not required once edits have been gener-

ated, genome editing success has also been found with non-DNA

based delivery systems using in vitro Cas9 ribonucleoprotein

complex formulations (delivered by microinjection, particle bom-

bardment etc.), and using viral delivery vectors (Ma et al., 2020;

Tsanova et al., 2021). Tissue cell culture and regeneration is

usually then required to generate a full plant. Depending on the

species, or variety/genotype within a species, regeneration is

often considered to be the greatest bottleneck (Altpeter et al.,

2016). Even though CRISPR has been realized in a wide variety of

crop species, widespread implementation and use is still largely

constrained by costly and time-consuming factors relating to

transformation, regeneration and delivery of the CRISPR/Cas-

based technology (Altpeter et al., 2016).

Gene editing and plant breeding for crop
improvement

In plant biotechnology, specific genes of interest have been

manipulated into loss-of-function, gain-of-function, altered

expression, or truncated proteins, generating novel crop lines

with desirable traits in a wide range of species (Weeks, 2017;

Zhang et al., 2018b). Gene editing creates an opportunity for fast

conversion of undesirable alleles into desirable alleles. This

potential is greatly enhanced by the microspore and double

haploid technology (Bhowmik et al., 2018; Ferrie et al, 2020),

which is already used regularly in many breeding programmes (for

example, wheat, B. napus and barley (Hordeum vulgare L.).

Importantly, a CRISPR/Cas-based system can generate a range of

DNA edits which are synonymous with those found in natural

populations. Moreover, the multiplexing capacity of the CRISPR

system means that multiple genetic changes can be achieved in a

single generation. Plant breeding plays an essential role in crop

development, and established breeding programmes would

benefit greatly from the introduction of CRISPR-based gene

editing. However, application of this genetic tool in routine

breeding is at its infancy. In this section, we highlight applications

of CRISPR/Cas-based gene editing to achieve a number of goals

relevant to inbred crop improvement programmes.

Fixing desirable monogenic traits, and saving near-miss
varieties

Genetic variation in crop germplasm has been molded by

domestication and plant selection aimed at developing locally

adapted and high-yielding varieties. As a result, some alleles are

consistent or fixed within elite germplasm; these are generally

considered domestication genes. For example, domestication

type alleles such as the wheat Q allele (Simons et al., 2006; Zhang

et al., 2011), maize teosinte branched 1 (Doebley, 2004; Doebley

et al., 1995) and tomato fruit size fw2.2 (Alpert et al., 1996; Frary

et al., 2000; Nesbitt and Tanksley, 2002) have been fixed through

breeder selection. Importantly, there are also several strong

effect, favourable alleles which may be missing or not fixed in

some locally adapted germplasm. Improvement alleles and/or

genes that are segregating in the germplasm require selection

through multiple generations. In selecting for these desirable

traits, some individuals are culled, and their genetic variation

(unrelated to the desirable traits under selection) is lost. Gene

editing can potentially fix those strong effect improvement alleles

early in the breeding process (Figure 1a,b). In doing so, breeders

could avoid the process of plant selection and culling, minimizing

the loss of genetic variation and resulting in an expanded

population of plants with desirable alleles. This expanded

resource can then be exploited in exploring and selecting for

other important and more genetically complex traits.

There are many examples of monogenic improvement traits

which have functionally characterized corresponding genes/alle-

les, or for which some genetic sequence information is available

(Table 1). For example, the wheat dwarfing alleles Rht-B1b

(formerly Rht1) and Rht-D1b (Rht2) each contain a single base-

pair mutation which gives rise to a premature STOP codon,

resulting in a truncated protein with altered function in gib-

berellin signal transduction (Table 1). Similarly, semi-dwarf rice

varieties contain an sd1 allele which impacts gibberellin biosyn-

thesis (Hedden, 2003). These alleles confer reduced plant height,

resulting in increased harvest index, and contributed to the yield

increases exemplified during the green revolution (Hedden,

2003). In these examples, gene editing technology provides a

simple and precise approach to generate desirable alleles of

dwarfing genes in otherwise agronomically superior cultivars.

The development of CRISPR/Cas-based gene editing has

created an avenue for creation of favourable alleles in germplasm

early in the breeding cycle (Figure 1a,b). By fixing these genes,

breeders can increase the population size of plants with

favourable alleles and less allelic diversity is lost during initial

selection rounds. By fixing a collection of improvement traits

which are monogenic using CRISPR/Cas-based gene editing,

breeding programmes would go through a ripple of domestica-

tion. By fixing a collection of monogenic traits plant breeders

could phenotype and perform selections from a population of

plants which already have a basic complement of non-segregat-

ing traits (i.e. height; Table 1).

Furthermore, gene editing can be used to save ‘near-miss’

varieties of inbred crops (Figure 2). During the 8–12 year breed-

ing process, new varieties are developed which exhibit many

desirable features such as disease resistance or high yield.

However, unanticipated changes in another trait often impact

the classification options or market viability of the variety. For

example, in wheat, resistance to Fusarium head blight (FHB) is

highly desirable; however, susceptibility to FHB is associated with

the Rht-D1b semi-dwarfing allele, likely through linkage drag (He

et al., 2016; Hilton et al., 1999; Srinivasachary, et al., 2008).

While FHB resistance is multifaceted, the Rht-D1b semi-dwarfing

allele is associated with a single base pair polymorphism, making

it a simple target for gene editing. Use of gene editing technology

with these near-miss varieties would prevent the loss of those

valuable varieties.

Potential gene targets

Enhanced yield, yield stability and better seed quality are the most

complex yet important objectives of crop breeding. The regulators

of yield, adaptation and quality could be the targets for gene

editing and modification for crop improvement. A major QTL for
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rice grain width and weight, grain weight 2 (GW2), was mapped

to a gene encoding an ubiquitin E3 ligase. TheWY3 allele of GW2

is a null allele and a regulator of cell division, leading to an

increase in grain width and weight in rice (Song et al., 2007).

Homoeologs of GW2 corresponding to A, B and D genomes have

been identified in wheat. Analysis of both hexaploid and

tetraploid wheat found that a GW2-A1 mutant allele significantly

increased thousand grain weight (TGW), grain width and grain

length (Simmonds et al., 2016). Likewise, null mutations in B and

D homoeologs also increase TGW, and combined mutations act

additively (Wang et al., 2018; Zhang et al., 2018b). In both rice

and wheat, GW2 alleles could be targeted in breeding pro-

grammes. As single-QTL traits, these are attractive targets for

genetic fixing using CRISPR/Cas-based gene editing within a

breeding scheme.

Depending on intended end-use, gene editing could be used to

develop a grain quality package consisting of multiple desirable

alleles. For example, grain hardness can be addressed by editing

the puroindoline-a and puroindoline-b (PIN) genes (Matus-Cadez

et al., 2008; Nadolska-Orczyk et al., 2009). Wheat protein

content can be improved by a single base pair edit in the TaNAM-

B1 gene, a NAC transcription factor found in the Gpc-B1 locus

(Uauy et al., 2006). Fixing these alleles through gene editing

would reduce or eliminate the need for selection for these

desirable alleles. The elite rice indica nitrate transporter allele,

NRT1.1B, has recently been edited into japonica rice by altering a

single nucleotide, and is another desirable allele which could be

fixed in breeding germplasm (Hu et al., 2015; Li et al., 2018a,b).

Similarly, in three elite rice varieties, the white pericarp was

converted to a desirable wild health-promoting red pericarp

colour without loss of yield. This was achieved through CRISPR-

mediated editing and restoration of the (rc) allele (Zhu et al.,

2019).

In oilseeds, the proportions of the unsaturated fatty acids, oleic

acid (C18:1), linoleic acid (C18:2) and linolenic acid (C18:3) are

impacted by fatty acid desaturase 2 (FAD2) and FAD3. Natural

alleles of these genes are targets of allele-specific markers for

high oleic and low linolenic lines in Brassica napus (Yang et al.,

2012). Recently, FAD2 and FAD3 have been gene editing targets

for successful manipulation of oil content in Camelina sativa,

soybean and B. napus (Haun et al., 2014; Jiang et al., 2017;

Morineau et al., 2017; Okuzaki et al., 2018). Seed storage

proteins in C. sativa have also been targeted to modify seed

protein meal properties (Lyzenga et al., 2019).

Robust disease resistance is another characteristic often

affected by simple allelic differences. In wheat and barley, natural

and edited null mutations in the Mildew resistance locus o (Mlo)

gene provides resistance against the pathogen Blumeria graminis
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Figure 1 Schematic of advanced domestication using CRISPR/Cas-based gene editing (a) During domestication and crop breeding wild plant species are

developed into locally adapted germplasm. Some genetic variation is lost, while favourable domestication genes/alleles (blue squares) become fixed in the

gene pool and unfavourable alleles of domestication genes are lost (blue triangles). Further development of germplasm into elite cultivars requires crosses,

multiple rounds of plant selection and multiple generations. Selection of favorable improvement alleles (circles) results in an elite cultivar with mostly

favourable alleles but some unfavourable alleles remain (triangles). (b) Using locally adapted germplasm, favorable alleles with known causative genetic

sequence (circles with asterisks) are fixed in germplasm by the conversion of unfavourable alleles into favourable alleles through CRISPR/Cas-based gene

editing. Less rounds of selection and less generations are required as many improvement genes are already fixed. Remaining resources can be used to

generate cultivars with more favourable alleles (circles) and less unfavourable alleles (triangles). Different coloured circles and triangles represent different

genetic loci.
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f.sp. hordei (Bgh) (Acevedo-Garcia et al., 2014; Acevedo-Garcia

et al., 2017; Wang et al., 2014). The wheat resistance allele Lr34

(res) provides durable resistance against several pathogens,

including leaf rust, stripe rust and powdery mildew, and has

been widely targeted in wheat breeding programmes (Kolmer

et al., 2008). The resistant allele of Lr34(res) differs from the

susceptible allele by genetic polymorphisms which change two

amino acids in predicted transmembrane helices of an ABC

transporter (Krattinger et al., 2009; Risk et al., 2012). Fixing this

allele using gene editing would greatly benefit subsequent

breeding programmes.

Introduce genetic variation

The processes of domestication followed by intensive breeding

have resulted in a genetic bottleneck, and many modern crop

germplasms have genomic regions of reduced genetic diversity

(Shi and Lai, 2015). Therefore, depending on the species and

the traits of interest, breeding programmes may have limited

allelic variation from which to select and improve traits. Trait

variation from landraces and wild cultivars can be introduced

through introgression breeding, but this process can be

extremely tedious, time consuming and resource intensive.

Incorporating only the beneficial allelic variation into elite lines

while leaving behind maladapted genetic material is a major

challenge, impacted by recombination rates, homology, species

and population size. CRISPR/Cas-based gene editing has

emerged as tool for the generation of novel and superior

alleles within crop germplasm or within elite lines (Nogue et al.,

2016; Rodr�ıguez-Leal et al., 2017; Shen et al., 2017). In

contrast to random mutagenesis through chemicals (such as

ethyl methanesulphonate (EMS)) or gamma irradiation and

subsequent genome sequencing (Xu et al., 2017), CRISPR/Cas-

based gene editing can be targeted by multiple gRNAs to

genomic regulatory regions of interest such as promoters,

developmental regulators and transcription factors to promote

constrained mutagenesis within a specific region (Figure 3).

Since CRISPR/Cas-based gene editing can be easily multiplexed,

multiple genetic regions can be targeted simultaneously.

Table 1 Potential gene targets

Crop Gene Allele Sequence variation Phenotype References

Wheat Reduced height

(Rht)-B1b and

Rht-D1b

Rht-B1a, Rht-

B1b, Rht-D1a,

Rht-D1b

SNP Reduced plant height Peng et al. (1999), Ellis et al. (2002)

Ppd-D1 Ppd-D1a, Ppd-

D1b

Large deletions/insertions within

promoter region Or copy

number variation

Photoperiod insensitivity, and

flowering under both SD and

LD photoperiods.

Beales et al. (2007)

GW2-A1 G2373A SNP increased TGW Simmonds et al. (2016)

Pina-D Various Various (mainly SNPs) Grain hardness Bhave and Morris (2008), Chen et al. (2012)

NAM-B1 Gpc-B1 SNP Grain protein content Uauy et al. (2006)

Lr34 Lr34res SNPs Disease resistance Dakouri et al. (2010), Krattinger et al.

(2009), Chauhan et al. (2015)

Lr67 LR67res SNPs Disease resistance Moore et al. (2015)

MLO mlo SNPs Disease resistance B€uschges et al. (1997), Wang et al. (2014)

Rice GW2 Loss of function Increased TGW Song et al. (2007)

NRT NRT1.1B SNP Higher nitrogen use efficiency Hu et al. (2015), Li et al. (2018a,b)

Os8N3 Loss of function Disease resistance Kim et al. (2019)

ALS1 SNP Herbicide tolerance Kuang et al. (2020)

Oilseeds FAD2 and FAD3 SNP High oleic oil content Yang et al. (2012), Haun et al. (2014),

Okuzaki et al. (2018), Jiang et al. (2017),

Morineau et al. (2017)

ALS1 SNP Herbicide tolerance Li et al. (2015)

F1

F2

F3

F4

F5

F6

Advanced field trials

Variety registration

Premium crop variety

Failure to meet
quality standards

Gene editing
to meet quality
standards

Figure 2 Gene editing to save near-miss varieties of inbred crops Crop

breeding starts at the F1 generation and after multiple rounds of selection,

generations and field trials a variety may fail to meet quality standard

before final variety registration. Instead of placing these near-miss varieties

back into the breeding cycle, gene editing can be used to rescue these

near-miss varieties saving time and resources.
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Cis-regulatory elements (CRE), which have likely been a driving

force in crop domestication, will be ideal target regions for

generating a range of phenotypes (Swinnen et al., 2016).

Mutations in CREs generally result in spatial and temporal

changes in gene expression, which can result in favourable traits

with low pleiotropic effects (Swinnen et al., 2016). CRISPR/Cas-

based gene editing has been deployed to engineer quantitative

trait variation by specifically mutagenizing cis-regulatory regions

(Rodr�ıguez-Leal et al., 2017). This approach, which generates an

allelic series for a variety of traits of interest, could be applied to

many agriculturally relevant species. In tomato, semi-random

CRISPR-induced mutations in the promoter region upstream of

the CLAVATA (SlCLV3) coding sequence resulted in variable fruit

size (Rodr�ıguez-Leal et al., 2017). A similar approach has been

applied to the protein coding region of gene targets to achieve

directed evolution for engineering improved or new functions in

plants (Butt et al., 2019). For example, a combination of base-

editing-mediated gene evolution tactics led to the development

of novel variants of OsALS1, which confer resistance to the

herbicide bispyribac-sodium (Kuang et al., 2020). Recently, a

CRISPR/Cas9 derivative system has been developed in bacteria

which likely generates higher levels of mutations and subsequent

genomic diversity within a larger genomic region. In the EvolvR

system, CRISPR/Cas9 function is merged with an error-prone DNA

polymerase (Halperin et al., 2018). The genomic locus of interest

is targeted through the gRNA, and Cas9 generates a single

stranded break. The error-prone polymerase amplifies the strand,

introducing errors and thereby generating novel genetic diversity

(Halperin et al., 2018). This approach does not require a double-

stranded DNA break or a sophisticated DNA repair pathway, and

can produce mutations within a large window (350 bp). The use

of this system in eukaryotes and plants remains to be demon-

strated.

Recreating adaptive traits for de novo domestication of
wild relatives, and evaluating breeding value of exotic
germplasm

Wild relatives of modern crops and orphan crops can be regarded

as a source of novel genetic variation and desirable traits not

found in cultivated crops. However, traits such as small fruit size,

low yield and undesirable plant architecture constrain commercial

cultivation. Recently, the concept of de novo domestication

through gene editing has been explored as a mechanism to

domesticate wild and orphan crops quickly, and thus benefit from

retained genetic variation as well as from the features of

domesticated crops (Zs€og€on et al., 2017, 2018). This is largely

possible, since many traditional domestication genes are ideal

candidates for CRISPR/Cas-based gene editing: they are well

characterized, have simple genetic architecture and are mono-

genetic. In a wild relative of tomato, Solanum pimpinellifolium, six

loci important in domestication were simultaneously edited to

generate loss-of-function alleles. The resulting plants had changes

in fruit number (MULT), size (FW2.2, FAS), shape (O gene;

OVATE), nutritional content (LYCOPENE BETA CYCLASE) and

plant architecture (SP gene; SELF-PRUNING) (Zs€og€on et al., 2018).

Similarly, domestication genes impacting day-length insensitivity

(SP5G), fruit size (SICLV3, SIWUS), vitamin C levels (SIGGP1) and

plant architecture (SP) were stacked in accessions of S. pimpinel-

lifolium with disease and salt tolerance (Li et al., 2018a,b).

Another study targeted the orphan crop ‘groundcherry’ (Physalis

pruinosa), which has a number of undesirable traits, including

sprawling growth pattern, small fruit and strong stem abscission

leading to fruit dropping to the ground. CRISPR/Cas-based gene

editing was used to edit the SP5G gene, which resulted in higher

concentrations of fruit along each shoot, and the CLV1 gene,

which resulted in larger fruits (Lemmon et al., 2018). These
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Figure 3 CRISPR/Cas-based gene editing to introduce genetic variation in specific genomic regions using germplasm or elite cultivars. Semi-random

mutations in cis-regulatory elements, exons and introns can lead to alteration in expression, altered protein function (loss-of-function, gain-of-function, and

change in activity) and alternative splicing respectively. Mutations can lead to a number of different mutations and generate an allelic series in either

germplasm or elite cultivars. Different coloured circles and triangles represent different genetic loci.
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studies demonstrate that CRISPR/Cas-based gene editing can

accelerate domestication and increase the value and use of

orphan crops or wild relatives (Figure 4).

Determining the average downstream performance, or breed-

ing value, of exotic germplasm is also important in selecting

which germplasm to integrate into a breeding programme. While

exotic germplasm may have many desirable alleles, the overall

breeding value of those alleles can be difficult to assess; variation

in phenology, height and flowering time can together mask

agronomic potential (Hussain et al., 2018). One approach to

assess the breeding value of exotic germplasm is to use hybrid

wheat technology. With this strategy, elite lines are crossed with

the novel genetic material for which breeding value needs to be

determined. The heterozygous hybrids of these crosses express

dominant alleles for phenology, thereby minimizing the effects of

deleterious alleles. While this approach is feasible, deleterious

expression may not be fully masked, especially in cases where

desirable alleles governing phenology and adaptation are reces-

sive. An alternative approach is to utilize CRISPR/Cas-based

multiplex gene editing coupled to haploid induction editing

technology (HI-EDIT; Kelliher et al., 2019), to edit domestication

genes in the exotic genetic resources. Similar to de novo

domestication, this technique could be used to re-domesticate

wheat’s wild progenitors to assess their ‘hidden’ breeding value

for multi-genic traits. For example, the prevalence of undesirable

alleles of adaptation traits (height, flowering, photoperiod and

grain threshability; Table 2) in the exotic germplasm of wheat

masks their agronomic potential. CRISPR/Cas9-based gene

editing can be used to fix the allelic modifications, involving

point mutations, deletion or substitution (Table 2), required to

recreate adaptive traits in exotic germplasm, thereby unmasking

beneficial genetic material and supporting pre-breeding.

CRISPR gene editing to promote recombination at
specified genomic regions

Meiotic recombination plays a foundational role in plant breed-

ing, as it allows for allele reshuffling and creates novel allelic

combinations. Recombination frequencies can be increased by

inducing double-stranded DNA breaks using chemical agents or

physical stress, such as temperature shock or UV exposure

(Wijnker and de Jong, 2008). Meiotic recombination is critical in

introgresssion of a beneficial locus from a donor line into an elite

line through backcrossing (Moose and Mumm, 2008). Ideally,

backcrossing would result in a progeny containing just a small

locus (introgression) from the donor line. This ideal backcross

scenario requires meiotic recombination to occur between the

parental chromosomes close to the region of interest. However,

meiotic recombination is not evenly distributed along the

chromosome, occurring most frequently in regions termed

hotspots, and supressed in other regions such as the heterochro-

matic regions around centromeres (Choi and Henderson, 2017).

For example, in wheat, crossover events mainly occur at the distal

region of both arms of the chromosomes, while recombination is

largely absent in the centromere proximal region (Choulet et al.,

2014; Gardiner et al., 2019). As a result of unequal recombina-

tion frequency, plants containing a small introgression are rare. In

addition, when a desired locus is contained within a non-

recombining chromosomal region, introgression into an elite line

is near impossible.

Similarly, meiotic recombination is important to breakup

genetic linkages. Desirable allelic composition can be affected

generally by linkage drag; when undesirable loci are inherited

along with selected desirable loci. Breeders are often faced with

the introduction of undesirable phenotypic effects owing to the

presence of these unfavourable linked loci, particularly when

working with genetically distinct parents (Bai et al., 2013; Brown,

2002; Hospital, 2005). Unintended linkage drag has likely been a

routine aspect of breeding programmes (Lin et al., 2014). For

example, selection for haplotypes controlling heading date have

selected against favourable haplotypes impacting root biomass

(Voss-Fels et al., 2017).

Frequently, the specific DNA sequence that underlies a

beneficial locus is unknown, making gene editing of that specific

locus not possible. However, the ability to promote homologous

recombination at a specific genomic location through CRISPR/

Cas-based gene editing would provide breeders with a precise

tool for the introgression of beneficial loci (Figure 5). Because of

its ability to target specific genomic regions and ability to

generate double-stranded DNA breaks, CRISPR/Cas gene editing

is beginning to be used to promote recombination at specific
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Fix domestication alleles 
via gene editing 

*
*

*
*
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orphan crops

*
*
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Pre-breeding
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sequence known

*

Figure 4 CRISPR/Cas-based gene editing for de novo domestication.

Gene editing of domestication alleles in wild species or orphan crops can

generate suitable pre-breeding germplasm. Different coloured circles and

triangles represent different genetic loci.

Table 2 Genome editing targets for de novo domestication of exotic germplasm of wheat

Trait Phenotype Gene Allele Sequence variation References

Reduced plant height Short vs. tall Rht-B1 Rht-B1b (Rht1) SNP Peng et al. (1999)

Photoperiod response Insensitive vs. sensitive – Flowering time Ppd-A1 GS100, GS105 1.1 kb deletion Wilhelm et al. (2009)

Vernalization response Insensitive vs. sensitive – Flowering time VRN2 Loss of function SNPs and deletions Yan et al. (2004)

Grain threshability Naked vs. hulled grains – Free-threshing Q (WAP2) Q I329V amino acid substitution Simons et al. (2006)
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genomic regions (Filler Hayut et al., 2017; Sarno et al., 2017). In

yeast, the left arm of chromosome 7 was targeted with 95 gRNAs

to induce mitotic recombination (Sadhu et al., 2016). The

resulting homologous recombination events generated a ‘loss of

heterozygosity’ panel and allowed for the fine mapping of

manganese sensitivity to a single polymorphism. While used in

this study for trait mapping, this general approach could also be

applied to reshuffle alleles in a low-recombining regions along a

chromosome. In tomato, genomic sections of linked loci

represent approximately 25% of the assembled genome (Lin

et al., 2014). This is a prime example of where CRISPR/Cas-based

gene editing could be used for generation of recombinant

individuals, generating diversity and breaking up these genetic

linkages (Figure 5).

Regulation of genome editing

Only a limited number of countries have developed specific

guidelines or regulations regarding gene edited crops. In 2018,

the USDA ruled that gene edited crop varieties do not require

additional regulatory oversight by the USDA, provided they do

not involve plant pests (or contain foreign DNA from plant pests)

such as viruses or bacteria (USDA, 2018). However, depending on

the traits of gene edited crops they may be subject to regulation

through the Environmental Protection Agency (EPA) and /or the

Food and Drug Administration (FDA). Recently in 2020, the

SECURE (sustainable, ecological, consistent, uniform, responsible,

efficient) platform was developed to streamline and update

biotechnology approval in the US (Barrangou, 2020).

In contrast to the USA, the European Union (EU) ruled that the

regulations for gene edited crop varieties would equivalent to

those regulations that exist for genetically modified organism

(GMO) products. Other countries, such as Australia, have taken a

more nuanced approach and categorize gene edited crops into

three groups SDN-1 (point mutations), SDN-2 (short insertions or

editing of a few base-pairs by an external DNA-template

sequence) and SDN-3 (the insertion of longer strands). Each of

these groups are subject to different regulations, for example,

SDN-1 type edits are not subject to regulation through the

Office of the Gene Technology Regulator (OGTR) while SDN-2

and SDN-3 edits are subject to regulation (Menz et al., 2020;

Thygesen, 2019).

Canada uses a regulatory system that evaluates the final

product, rather than the process used to create the product. As

such, gene edited crops fall within the regulation of plants with

novel traits (PNTs). Under these regulations, newly developed

crops containing novel traits are subject to environmental and

safety assessments, regardless of how they were generated (e.g.

conventional breeding, mutagenesis, transgenesis or gene edit-

ing; Smyth, 2017). China is unique in that, despite heavy

investment in genome editing research, it has not provided

regulatory guidelines on gene edited crops (Cohen and Desai,

2019). The global landscape of gene editing regulation is

unsettled and, in many countries, needs to be updated. Global

attitudes towards the fine nuances of gene editing and will have

huge impacts on how this technology is implemented and traded

across the world.

Conclusions

Domestication and plant breeding have led to high yielding crop

varieties which are adapted to local growing conditions. How-

ever, the growing human population faces a number of agricul-

tural challenges, including climate change, changes in abiotic and

biotic stressors and a loss of arable land, along with a demand for

more sustainable and precise agricultural practices. Many crop

traits have been fixed through initial waves of domestication and

in this review we discussed fixation of another wave of important

traits. CRISPR/Cas-based gene editing provides a means by which

we can create naturally occurring allelic variants without the

constraints of traditional introgression breeding. In addition, we
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can create new desirable genetic variants and counteract some of

the loss of allelic diversity which has occurred through selective

breeding. By directing meiotic recombination through CRISPR/

Cas, we may also be able to manipulate genetic allele shuffling

and produce plants with more desirable allelic combinations.

However, the regulatory framework surrounding gene edited

plant lines will impact how and where this technology is realized.

Gene editing provides an exciting opportunity to blend functional

gene characterization with applied plant breeding.
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