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Traditional breeding has successfully selected beneficial traits for food, feed,

and fibre crops over the last several thousand years. The last century has seen

significant technological advancements particularly inmarker assisted selection

and the generation of induced genetic variation, including over the last few

decades, through mutation breeding, genetic modification, and genome

editing. While regulatory frameworks for traditional varietal development and

for genetic modification with transgenes are broadly established, those for

genome editing are lacking or are still evolving inmany regions. In particular, the

lack of “foreign” recombinant DNA in genome edited plants and that the

resulting SNPs or INDELs are indistinguishable from those seen in traditional

breeding has challenged development of new legislation. Where products of

genome editing and other novel breeding technologies possess no transgenes

and could have been generated via traditional methods, we argue that it is

logical and proportionate to apply equivalent legislative oversight that already

exists for traditional breeding and novel foods. This review analyses the types

and the scale of spontaneous and induced genetic variation that can be selected

during traditional plant breeding activities. It provides a base line from which to

judge whether genetic changes brought about by techniques of genome

editing or other reverse genetic methods are indeed comparable to those

routinely found using traditional methods of plant breeding.
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1 Introduction

The broad aim of plant breeding is to generate new combinations of genetic variants

to achieve the desired improvements to a crop’s traits. It is a continuous, iterative process

that builds on thousands of years of crop domestication to recombine allelic variation

found in existing germplasm, or induced de novo by breeding practices, to generate novel

genotypes. In this review, traditional plant breeding methods are defined as those that do

not use recombinant DNA biotechnologies and that are not regulated under Genetically

Modified Organisms (GMO) legislation. These traditional techniques have broadly
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followed “forward genetic” principles where the desired

phenotype (or linked genetic marker) drives selection but

where the precise genetic mechanisms that underlie that

phenotype are rarely foreknown. For some easy to cross,

annual species with abundant natural variation in desired

characteristics, the necessary genetic material for specific traits

may be readily available within the breeders’ immediate gene

pool. However, for other important traits or breeding in

vegetatively propagated or self-incompatible crops, the

necessary variation can be harder or impossible to access

(Figure 1).

Over the last fifty or so years, discoveries and technological

developments in nucleotide sequencing, molecular biology, and

regenerative tissue culture have introduced the practical use of

reverse genetics to complement current practices in plant

breeding. New methods for generating variation based on the

transfer of defined functional genetic material from one species

to another via genetic modification has produced many new

commercial varieties mainly in maize, cotton, soya and canola.

Food and feed derived from genetically modified crops have been

commercially available in many countries for decades. However,

in others, such as the EU, authorisation for commercial

cultivation is effectively blocked. Techniques of genome

editing are also being rapidly developed and adopted by many

breeding firms. Indeed, food derived from genome edited plants

is already publicly available in USA (Menz et al., 2020) and in

Japan (Waltz, 2022).

While precise regulatory frameworks and the data

requirements for risk assessment for genetic modification vary

from country to country, they are broadly established. However,

for many crop species it is now relatively facile to generate

targeted Single Nucleotide Polymorphisms (SNPs) or

Insertion-Deletions (INDELs) using genome editing with no

transgenes in the product (Zhang et al., 2018). It is also

possible to alter the heritable epigenetic status of specific

genetic elements (Mercé et al., 2020). The lack of “foreign”

recombinant DNA in these plants confounds the legislative

definitions of GMOs in many countries and makes the

application of existing biotechnology regulation unworkable

for genome edited organisms (Jones, 2015a; b). Some

countries have updated or developed new regulatory pathways

for gene edited organisms, while others, continue to define all

products of genome editing, whether they possess foreign DNA

or not, as GMOs (Entine et al., 2021: Schmidt C. et al., 2020).

A strategy adopted by some authorities is to exclude

organisms possessing gene edits that could have been found

naturally or produced using traditional, non-biotechnological,

breeding methods from GMO regulations. For example, the

FIGURE 1
Diagram summarising the flowering plant life cycle showing breeding activities and sources of variation.
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FIGURE 2
Representation of different site directed nuclease (SDN) genome editing approaches and the resulting changes to the host genome.
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Japanese Ministry of the Environment has ruled that genome-

edited organisms produced by simple double-stranded breaks

and repair, so called Site Directed Nuclease-1 (SDN-1) type edits

(see Figure 2) are not subject to regulation under the Act on the

Conservation and Sustainable Use of Biological Diversity

through Regulations on the Use of Living Modified

Organisms for implementing the Cartagena Protocol

(Cartagena Act), as they are considered similar to those

produced by conventional breeding technologies (Tsuda et al.,

2019). The Australian Office of the Gene Technology Regulator

ruled that genetic edits made without artificially introduced

repair templates are no different from changes that occur in

nature, and therefore do not pose an additional risk to the

environment or human health. However, genome editing

technologies that do incorporate template sequences, or that

insert other genetic material into the cell (so called SDN-2 or

-3 type edits) will continue to be regulated as GMOs (Mallapaty,

2019). In 2018, the Norwegian Biotechnology Advisory Board

published a report inviting a public debate on its proposals to

accommodate genome editing and discusses the distinction

between what genetic changes that can or cannot naturally

occur (Bioteknologiradet, 2018). The UK has recently

concluded a public consultation exercise which focused on the

regulation of gene edited organisms that possessed genetic

changes which could have been introduced by traditional

breeding (Defra, 2021). The outcomes of this consultation

make it clear that a comparison with the types of genetic

changes that can be found in existing wild, breeding

germplasm, or generated de novo by the actions of traditional

breeding, and for which regulation already exists, can be a useful

first step to define an appropriate regulatory pathway for

precision bred organisms.

To date, the different outcomes for genome editing have

commonly been designated by regulatory authorities into three

categories known as (SDN-1, SDN-2 and SDN-3 (reviewed by

Podevin et al., 2013), however these categories are gradually

expanding to include more recently developed approaches based

on different mechanisms, e.g. modifications to the epigenome

(Mercé et al., 2020) and base editing (Azameti and Dauda, 2021).

SDN-1 type edits are generated by the formation of targeted

Double Strand Breaks (DSBs), which are subsequently repaired,

generating SNPs and INDELs at the break site. Such small

mutations can generate gene knockouts or induce targeted

variation within a gene or associated regulatory sequences,

and are equivalent to small sequence changes that arise

spontaneously or are induced via mutation breeding

approaches. SDN-2 type edits exploit the homology directed

repair mechanism to introduce small sequence changes using an

introduced repair template. This approach is capable of changes

equivalent to standard breeding approaches where favourable

sequences are combined to generate cultivars that possess

enhanced traits. SDN-3 type edits introduce entire genes or

longer sequences of novel DNA to a targeted site. In addition,

we use the term SDN-0 where deactivated (so-called dead)

nucleases are used to perform site directed modification to the

epigenome.

This review analyses the types and the scale of spontaneous

and induced genetic variation that can be found within and

between individuals of a species and which can be selected during

traditional plant breeding activities. Thus, it provides a base line

from which to judge whether genetic changes brought about by

techniques of genome editing or other reverse genetic methods

are indeed comparable to those routinely found using traditional

methods of plant breeding. It is divided into three main sections

with further subdivisions. The section on nucleotide level

mutations describes localised and untargeted mutations in

DNA sequence resulting in SNPs and INDELs that arise

spontaneously from natural biological processes or induced by

human intervention. The section on chromosomal level changes

describes translocations and rearrangements of chromosomes

resulting in the loss, duplication of genes or a change in their

position/order. These include changes in individual chromosome

structure/number and ploidy levels that can be found in natural

populations or artificially induced using a range of traditional

breeding techniques. A third section describes breeding methods

that modify gene pool barriers to enable wider crosses and utilise

otherwise inaccessible genetic variation, both naturally occurring

and induced.

The concluding section summarises the main ways that

genome editing is currently being used in plant breeding and

attempts to compare the types and scales of genetic changes seen

in conventional breeding methods to that possible using current

genome editing technologies.

2.1 Nucleotide level mutations arising
from natural processes

Mutations occur spontaneously and accumulate in all cells

but those in somatic cells are not passed on to the next

generation. In contrast, mutations induced in germline cells

that generate the gametes are directly heritable and drive both

evolution and the variation available to breeders. Mutations can

arise from many natural processes including errors in DNA

replication, during DNA repair, by aberrant chromosome

behaviour during cell division, or via the action of

transposable elements.

During replication it is estimated that the error rate of the

DNA polymerase is about 1 in 100,000. The inherent

proofreading activity of the polymerase complex, and the

action of mismatch repair systems, correct the vast majority

of these errors, however the few that remain (10−9–10−10) become

fixed mutations in subsequent cell divisions (Mertz et al., 2017).

Another source of mutation occurs during prophase I of meiosis

when homologous chromosomes undergo crossover formation

via the reciprocal exchange of non-sister chromatids. The genetic
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control of the number and position of crossovers is not well

understood, but typically most organisms generate between one

and three crossover events per chromosome (Fernandes et al.,

2018), and these tend to appear at particular genomic hot spots

(Drouaud et al., 2006). The crossover process is reliant of the

conserved Spo11 enzyme that generates many double stranded

DNA breaks (DSBs, Keeney et al., 1997). Although the activity of

Spo11 is under tight control, not all DSBs result in reciprocal

crossovers and the repair of these non-crossover events can result

in intragenic conversion events. Usually, the DSB will be repaired

by mechanisms similar to Homologous Recombination (HR)

pathways, including resection of the DSB and invasion of a

homologous strand (Lawrence et al., 2017). However, in

addition to complete and successful crossovers, some DSBs

generate errors including non-reciprocal (non-crossover) gene

conversion events in one or other homologue. In Arabidopsis

between 100 and 200 DSBs are formed per meiotic nucleus, but

only around 10 of them are resolve to form crossovers

(Copenhaver et al., 1998; Giraut et al., 2011; Salomé et al.,

2012; Wijnker et al., 2013), with the remainder resolved as

non-crossover products. This process can result in the

formation of mutations and contribute to the background

level of natural mutations. Various studies have described the

mutagenicity of this process in different organisms (Magni and

Von Borstel, 1962; Perry and Ashworth, 1999; Lercher and Hurst,

2002; Pratto et al., 2014; Arbeithuber et al., 2015; Rattray et al.,

2015). It is known that crossover sites, along with their proximal

sequences, possess higher rates of mutation than other genomic

regions (Arbeithuber et al., 2015; Yang et al., 2015).

Transposable elements (TE) are repetitive DNA sequences

capable of generating dynamic instability and form a large part of

many plant genomes. It is estimated that between 10 and 20% of

the Arabidopsis genome is composed of TEs (Buisine et al., 2008;

Quesneville, 2020) whereas more than 80% of the larger maize

genome has similarity to TEs (Baucom et al., 2009; Schnable et al.,

2009). There are several classes of TEs that use specific

mechanisms to jump between genomic locations. The

insertion of TEs into genic coding sequences is particularly

mutagenic, often resulting in loss of function alleles.

Although comprehensive data onmutation rates in plants are

lacking, mutations appear naturally in the genome at different

rates in different species (Hodgkinson and Eyre-Walker, 2011).

Arabidopsis and rice are reported to have spontaneous mutation

rates of 7 × 10–9 and 3.2 × 10−9 respectively, base substitutions per

site per generation (Ossowski et al., 2010; Yang et al., 2015). The

spontaneous mutation rate in maize was reported to be 2.2–3.9 ×

10–8 per site per generation (Yang et al., 2017).

The majority of these mutations have been observed to be

SNPs or short INDELs with 99% of them being shorter than

23 bp, including base pair substitutions and insertion-deletion

events (Rice genomes project, 2014). These mutations arise

spontaneously due to a range of causes including chemical

instability of the nucleobases, copying errors during DNA

replication and miss-repair of DSB from naturally occurring

mutagens.

2.2 Sequence level mutations arising from
mutation breeding

For some breeding goals, the available observed variation is

insufficient to supply the necessary range of alleles. The observed

mutation rates described above can be significantly increased

using mutagens, which affect the DNA in different manners

(Reviewed in Griffiths et al., 2000; Roychowdhury and Tah, 2013;

Oladosu et al., 2016). The induction of genetic variability and

appearance of new traits has been, and will continue to be, key for

crop development (Novak and Brunner, 1992). One of the

mechanisms of mutation induction is the addition of base

analogs. These mutagens result in the inclusion of analogs in

the DNA sequence followed by mispairing during replication.

Examples of these are 5-bromouracil, an analog of thymine

which when ionized pairs with guanine (Jacobs, 1969), or 2-

amino-purine, an analog of adenine which pairs with cytosine

when protonated (Pitsikas et al., 2004).

A similar effect can be obtained using agents that modify an

existent base and lead to a specific mispairing, such as alkylating

agents. Ethyl-methanesulfonate (EMS) is one of the most

common examples, and adds an ethyl group to the

nitrogenated bases (Kim et al., 2006). Although it is able to

modify all four nucleotides, it has been observed a preference for

guanine alkylation, making it pair with thymine instead of

cytosine. This agent has a reported mutation rate of one

mutation per 3.2 Mb in tomato (Minoia et al., 2010). Other

examples of these agents are nitrosoguanidine (MNNG), with

effects similar to EMS in both guanine and adenine residues

(Goering and Pattee, 1971; Silverman et al., 2001; Wyatt and

Pittman, 2006), or methyl-methanesulfonate (MMS), which

induces the addition of a methyl group (Lundin et al., 2012).

Another example of agents modifying directly the nitrogenated

bases is the case of intercalating agents, such as proflavine,

acridine orange and other chemicals referred to as ICR

compounds. These usually cause single nucleotide INDELs

(Hoffmann et al., 2003).

Another pathway for mutagenesis is the induction of base

damage. This mechanism blocks any type of base pairing, in

contrast with the previous examples that cause mispairing. The

lack of pairing leads to a stoppage in replication. The damage will

lead to the inclusion of incorrect bases in the sequence. This effect

has been described in plants treated with UV light (Stadler,

1928a; Stadler, 1928b), associated mainly with C-T transitions,

and transversions, frameshifts, duplications and deletions can

also be generated. UV radiation has been observed to induce

mutation rates 56 times higher than the usual somatic mutation

rate (Kovalchuk et al., 2000). Ionising radiation will also induce

DNA damage. This damage has been associated with Reactive
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Oxygen Species (ROS), which will induce base damage and even

strand breaks due to damage in the N-glycosidic bond between

the nitrogenated base and the ribose. X-rays are an example of

ionising radiation and its effects as a mutagen have been observed

in plants (Stadler, 1930). Another example would be the use of γ-
rays, which cause short mutations at a frequency of around

between 7.5 × 10–9 and 9.8 × 10–6 (Li J. et al., 2016). Overall, it has

been observed that the agents previously described are able to

increase mutation rates 56 times in case of UV, 3 times in case of

X-rays and 2 times in case of MMS (Kovalchuk et al., 2000),

increasing the genetic variation in plant species and leading to a

faster appearance of enhanced traits.

A drawback of induced mutagenesis is that only one or other

homeologous genes is likely to possess the mutation in the first

generation resulting in the need for multiple rounds of

backcrossing to combine different mutations and produce

homozygosity. Additionally, mutation breeding has limited

power in generating favourable dominant alleles and

polygenic traits requiring the simultaneous mutations in

multiple alleles are unlikely to occur. This is a particular issue

in polyploids containing multiple alleles, or other situations

where genetic redundancy exists. Also, the screen needed to

identify novel traits induced by random by mutation breeding

necessitate a very large populations. For difficult to measure

traits, it is often unfeasible to exploit this approach.

The use of induced randommutagenesis has been prominent

in crop development, with examples of varieties obtained using

these methods being cultivated all over the world (Kharkwal and

Shu, 2009). In the case of rice, examples such as the “Zhefu 802”

variety was obtained by irradiation using γ-rays of “Simei No. 2,”

or “Shwewartun” which was obtained by irradiation of the “IR5”

variety, and have been widely sown in Asia (Ahloowalia et al.,

2004). In barley, the “Diamant” variety was obtained via γ-ray
irradiation of the “Valticky” variety (Kharkwal and Shu, 2009).

Another prominent barley variety, “Golden Promise” was also

obtained from γ-ray irradiation of the “Maythorpe” barley

variety (Forster, 2004). In North America examples of well-

established crops obtained using random mutagenesis include,

the “Salinac” variety of bean that was obtained using X rays on

the “Navy” variety (Ahloowalia et al., 2004), EMS used to treat

the linseed variety “Glenelg” to obtain “Zero,” radio-induced

mutagenesis on the wheat variety “Salamanca”was used to obtain

“Centauro” and “Bajio Plus” varieties, and in soybean radio-

induced mutagenesis on variety “Suaqui 86” was used to obtain

“Hector” and “Esperanza” (Green and Dribnenki, 1996). The

joint FAO/IAEA mutant variety database lists over 3,000 plant

mutant varieties officially released or commercially available

around the world (IAEA 2022).

Mutation breeding using external agents described above are

well suited to annual crops that reproduce sexually. However, for

perennial, vegetatively propagated crops other approaches to

generate novel random genetic variation have been used. For

example, prolonged periods of tissue culture are known to induce

mutations. So-called somaclonal variations are thought to be

newly induced mutations arising from the cellular processes of

dedifferentiation and differentiation during in vitro culture. The

causes of genetic instability during tissue culture are not well

characterised but it is thought the cellular stresses experience by

specialised cells undergoing genetic reprogramming during

dedifferentiation contribute to this (Joyce et al., 2003).

Although it cannot be excluded that some are pre-existing

mutations already present in the explant tissue. Many

somaclones have been released as commercial cultivars or

varieties, including “While Baron” non-browning potato and

heat and salt tolerant flax cultivar “Andro” (Jain, 2001).

3.1 Spontaneous chromosome
rearrangements and ploidy changes found
naturally

Aberrant crossover formation, kinetochore binding, or

spindle apparatus during meiosis can lead to a range of

changes in chromosome structure, gene order, aneuploidy,

and/or ploidy level. In addition to the “normal” meiotic

exchanges between homologous chromosomes that generate

variation by recombining parental alleles, illegitimate

chromosomal translocations or changes in ploidy can also

result from aberrant meiotic events. Illegitimate recombination

between non-homologous chromosomes can result in deletions,

duplications, inversions, and/or translocations. These events can

generate new alleles or disrupt the function of others. They can

also result in changes to genome size or structure and thus have a

profound effect on the variation and evolution of genes and

genomes in plants (Cai and Xu, 2007).

3.1.1 Unequal crossovers
Unequal crossing over occurs between the chromatids of

homologous chromosomes if they become misaligned during

meiosis I, or more rarely between sister chromatids. Although

less is known about the direct implications of unequal crossovers

in crop plants, these events result in many genetic disorders in

humans (Chen et al., 2005). In Arabidopsis, the frequency of

meiotic unequal crossing-over that lead to the expansion of a

gene cluster and the formation of a novel recombinant locus was

approximately 3 × 10–6 (Jelesko et al., 1999).

3.1.2 Aneuploidy
The term aneuploidy was first introduced by Täckholm

(1922), and describes a deviation from the euploid state via

the addition or removal of chromosomes (Dyer et al., 1970;

Khush, 1973; Sharma, 1990). The occurrence of aneuploidy has

been linked to alterations in the chromosomic distribution

during cell division, which in plants only occurs in

meristematic tissue (mitosis) and reproductive tissue

(meiosis). During the mitotic cell cycle, the cell will duplicate
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its DNA and prepare for cell division. During nuclear division,

the chromosomes will condense, align in the metaphasic plate,

and be divided in two equal sets of chromosomes. The role of

spindles, tubulin and microtubules in this process has been

reported in detail (Mazia, 1987). Non-disjunction of

chromosomes at anaphase will lead to aneuploid daughter

cells. The term “vagrancy” has been used for defining these

alterations during mitosis, including metaphasic arrest,

chromosome scattering during anaphase, asynchrony of the

sets of chromosomes reaching the poles of the cell (forwards/

laggards), or non-disjunction of the centromere leading to

diplochromosomy, disturbed polarity due to split-spindles

leading to aberrant numbers of chromosomes in the daughter

cells, or binucleation processes. In case of alterations during

meiosis, non-congression, meaning lack of alignment of bivalents

during metaphase I, or alterations in disjunction of bivalents,

have been observed (Sharma, 1990).

Aneuploidy has been observed to occur naturally in several

species including cotton, maize, barley, and oat (Sharma, 1990).

However, several environmental factors have also been identified

to induce aneuploidy, such as agricultural chemicals, drugs,

natural and industrial products, together with others such as

soil status, pollution in water, pesticides, plant toxins and

pathogens, seed age etc. (Sharma, 1990; Fuchs et al., 2018).

Aneuploidy has been linked with the appearance of natural

polyploidies as a precursor (Xiong et al., 2011; Chester et al.,

2012; Zhang et al., 2013; Wu et al., 2018) and have been observed

to induce new variability and phenotypes in different plants

(Torres et al., 2008; Veitia et al., 2008), both as an aneuploid

(Sheltzer and Amon, 2011) or after recovering its euploidy

(Henry et al., 2010; Gao et al., 2016).

3.1.3 Polyploidy
Polyploidy is common in plants and has been a key to the

evolution and domestication of many crops. In addition, many

crops arising from polyploidy have become commercially

relevant (Sattler et al., 2016).

Polyploid species often show increased vigour compared to

their diploid relatives and artificial polyploidy has been an

attractive goal for plant breeders. Polyploidy arises as the

result of total non-disjunction of chromosomes during mitosis

or meiosis. Changes in chromosome content involving full

duplications of the genetic material occur naturally in plants

at different rates, from 30 to 35% (Stebbins, 1971) to 70%

(Masterson, 1994), and has been related to different factors

such as temperature, herbivory, wounding, water deficit and

nutrients shortage (Ramsey and Schemske, 1998). It has also

been related to speciation events in plants (Renny-Byfield and

Wendel, 2014).

Polyploids can be divided into those resulting from

duplication of genetic content within the same species

(autopolyploidy) and those resulting from interspecific

hybridisations that possess at least one complete diploid set of

chromosomes derived from each parental species

(allopolyploidy). The effects and causes of polyploidy in plants

have been described and reviewed (Sattler et al., 2016). However,

different species respond differently to polyploidisation (Dewey,

1979). One of the effects observed has been the “Gigas effect”

(Sattler et al., 2016), meaning an increase in cell size and larger

organs. This has been proven particularly useful for ornamental

crop breeding (SchifinoWittmann and Dall ’ Agnol, 2003). It has

also been related to higher tolerance to biotic and abiotic stresses

(Levin, 2002). However, the increase in cell size usually implies a

reduction in cell division (Stebbins, 1971), which also leads to a

reduction in growth and late flowering (Levin, 2002), in addition

to meiotic aberrations, such as multivalent formation, during the

neo-polyploidisation process that can also lead to infertility of the

polyploids (Stebbins, 1971).

An additional consequence of polyploidy is genome

redundancy, which implies that deleterious alleles can be

“buffered” by other copies of the genome (Soltis and Soltis,

2000; Comai, 2005). This redundancy also implies the

possibility of increasing gene variation without affecting

essential genes, often resulting in subfunctionalisation and

neofunctionalisation (Adams and Wendel, 2005). Polyploidy

has also been related to higher heterozygosity (Moody et al.,

1993; Osborn et al., 2003), which in turn have been related to

better performance in different species such as maize (Randolph,

1942), potato (Mendoza and Haynes, 1974) and alfalfa (Katepa-

Mupondwa et al., 2002). Subgenome dominance has also been

observed in many polyploids, a phenomena where one genome

evolves to have a higher gene content and gene expression level,

influencing the phenotype of the crop (Edger et al., 2019).

Allopolyploidization has been related to hybrid vigour, also

known as heterosis, with results in increased biomass, stature,

growth rate, fertility levels and stress tolerance when comparing

the hybrid and the original plant (Chen, 2010). Another role for

the creation of polyploids has been restoring the fertility of

hybrid species, via chromosome doubling, (Olsen et al., 2006;

Hegarty et al., 2008).

3.2 Induced chromosomal structural
mutants and ploidy changes

3.2.1 Translocation breeding
To increase the frequency and range of chromosomal

deletions, inversions, translocations, and duplications found

naturally, it is possible to induce them. One approach is to

exploit interspecific crosses or alien introgression lines and

screen for useful crossover events during meiosis. Grain crops

of the Triticeae such as wheat, rye, barley, along with forage

grasses, have been a particular focus of chromosome

manipulation (Prieto, 2020). Among the Triticaceae family,

several chromosomes of different species have been described

to contain beneficial traits such as biotic stress resistance (Zeller
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and Hsam, 1983) or yield potential (Rajaram et al., 1983). These

include species in the genera Aegilops, Agropyron, Triticum and

Secale (Friebe et al., 1996). However, some of these chromosomes

carry other genes that are not advantageous. In order to reduce

the number of deleterious genes transferred, Sears (1956; 1993)

proposed the translocation of chromosomic elements between

Aegilops and wheat by irradiation of the pollen prior to crossing.

This approach has been used for several translocations in wheat

with rye, the latter being the most common source of

translocations (Rabinovich, 1998). An example of these was

the 1BL/1RS translocation, which has been incorporated into

a substantial number of commercial wheat varieties. The short

arm of rye chromosome 1 transferred much needed resistance to

stem, stripe and leaf rusts, powdery mildew, and increased yield

(Zeller, 1973). The same chromosome fragment was also utilised

in the 1AL/1RS translocation of wheat, providing stem rust,

powdery mildew and greenbug resistance (Zeller and Hsam,

1983). Other rye chromosomes, such as 3R and 7R, have also

been used in wheat translocations but were of less commercial

importance (Jung and Seo, 2014). Oat (Avena sativa) has also

benefitted from this approach when receiving a translocation

from Avena barbata (Aung and Thomas, 1978).

3.2.2 Induced polyploidy and aneuploidy
Several techniques have been used for inducing polyploids in

plants. For the induction of chromosome doubling in somatic

cells, temperature has been used to induce ploidy changes in

maize (Randolph, 1932), rye and wheat (Dorsey, 1936).

Polyploidy is also induced using colchicine, an inhibitor of

spindle formation (Blakeslee and Avery, 1937; Planchais et al.,

2000). However, its affinity for plant tubulins has been found to

be low (Dhooghe et al., 2011), pushing for the introduction of

other compounds with similar effects. Examples of these are the

dinitroaniline and phosphoric amide-based herbicides

(Planchais et al., 2000). In some cases, somatic doubling is not

possible (Dewitte et al., 2012), requiring sexual polyploidization

(Ramanna and Jacobsen, 2003). This is based on the fusion of

unreduced reproductive cells, having the effects observed in

polyploids and benefitting from increased variability due to

the possibility of recombination and high level of

heterozygosity (Ramsey and Schemske, 1998; Peloquin et al.,

1999). This technique has been facilitated by different treatments

such as temperature, nitrous oxide, anti-tubulin agents, EMS, in

addition to gene silencing using RNAi or virus induced gene

silencing (VIGS) (Dewitte et al., 2012). This approach has been

used in different plants of commercial interest (Peloquin et al.,

1999; Ramanna and Jacobsen, 2003).

Several species of commercial significance have been

obtained through hybridizations using some of these methods.

Triticale (Triticosecale) is one of the most commercially relevant

hybrids (Ayalew et al., 2018). Obtained as an allopolyploid

between wheat (Triticum aestivum, 2n = 42) and rye (Secale

cereale, 2n = 14), it has been developed in different polyploid

versions, tetraploid (2n = 14, Łapiński, 2002; Mcgoverin et al.,

2011) hexaploid (2n = 42, Merker, 1975; Oettler, 2005) and

octoploid (2n = 56, Oettler et al., 1991; Furman et al., 1997;

Oettler, 2005), with the hexaploid version being the most

commonly cultivated. This is an example of amphiploidy,

where the complete genomes of both parental species are

included in the hybrid. To circumvent the sterility induced by

this event, a doubling of the genome after the hybridization was

required. When compared to the progenitors, Triticale has

positive properties from both parents, having the adaptative

prowess of rye with the yield and grain quality from wheat.

However, it is currently more commonly harvested as a crop to be

ensiled and used as animal feed.

Another example is the tobacco hybrid Nicotiana digluta.

Nicotiana tabacum (2n = 14) has been crossed with N. glutinosa

(2n = 12). The sterility of the amphiploid hybrid obtained, N.

digluta (2n = 36), was overcame by chromosome doubling using

colchicine. The hybrid has been backcrossed with N. tabacum to

obtain a mosaic virus resistant line (Valleau, 1949). A similar

approach was used for the synthesis of Raphannobrassica,

obtained by crossing Raphanus sativus (2n = 36) and Brassica

oleracea (2n = 18), either by crossing tetraploid forms of the

parentals or by crossing and doubling the ploidy levels of the

offspring using colchicine (McNaughton, 1973). Vegetatively

propagated crops that are often sterile due to the miss-

segregation of their triploid genome have been recreated to

develop new cultivars. For example, improved diploid

members of Banana (genus Musa) have been crossed to

generate seedless triploid varieties (reviewed by Heslop-

Harrison and Schwarzacher, 2007).

Aneuploidy has been used for decades to induce variations

and to provide breeding material in plants of commercial

relevance. For example, in the wheat cultivar Chinese Spring,

there are complete sets of nullisomics, monosomics, trisomics

and tetrasomics, along with various combinations of telocentrics

(Sears, 1954). Aneuploidy in the wheat cultivar Chinese Spring

have been widely used to study the chromosome location of rust

pathogen resistance genes (Kimber, 1977).

3.2.3 Doubled haploids
Breeding programs often seek to rapidly fix desirable

variation found in individuals. Techniques such as the use of

double haploid lines have been utilised to obtain homozygous

plants faster than using traditional breeding methods (Chen

et al., 2011).

In natural conditions, plants can reproduce using an

unconventional reproductive mechanism which can result an

embryo that only contains the genome from one parent

(Schwander and Oldroyd, 2016). In nature, this can occur

either by fusion of the reproductive cells followed by the

elimination of one of the genomes (Rieger et al., 2012) or by

fertilization of a non-nucleate egg (Pigneur et al., 2012). When

the genetic material comes from pollen, the term androgenesis is
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used, whereas when the genetic material comes from the ovary,

gynogenesis or parthenogenesis has been used (Kasha and

Maluszynski, 2003; Schwander and Oldroyd, 2016). Generally,

this implies that the offspring derived from this process will be

haploid, although the common individual is usually diploid

(Seguí-Simarro, 2010). In those cases, the genome of the

haploid offspring will be doubled to form a diploid specimen,

forming a completely homozygous plant (Kermicle, 1974).

Androgenesis in plants has also been related to hybridization,

given meiotic impairment and production of non-nucleate

gametes (Waldman, 2008).

These events have been observed to occur spontaneously in

nature, with examples reported in Cupressus dupreziana, an

African conifer (Pichot and El Maâtaoui, 2000; Pichot and

Maataoi., 2000; Abdoun and Beddiaf, 2002; Pichot et al.,

2008), Cupressus sempervirens (Pichot et al., 2001; Burt and

Trivers, 2006), maize (Kermicle, 1974) and tobacco (Goodsell,

1961; Burk, 1962; Chase, 1969). Examples of hybrids in pepper

(Capsicum frutescens, (Campos and Morgan, 1958), chick pea

(Cicer arietinum,Mallikarjuna et al., 2005), oilseed rape (Brassica

napus, Chen and Heneen, 1989), tobacco (Clausen and

Lammerts, 1929; Kostoff, 1929; Kehr, 1951; Burk, 1962; Seguí-

Simarro, 2010), Texas bluegrass (Poa arachnifera, Seguí-Simarro,

2010), Solanum verrucosum (Seguí-Simarro, 2010; Seguí-Simarro

et al., 2011) and maize (Goodsell, 1961; Chase, 1969; Kermicle,

1974) have been reported.

Different techniques have been used to achieve induced

double haploid production. Chase (1952) described a method

based on parthenogenesis in maize. The frequency of

parthenogenesis has been increased using pollen irradiation

before pollination, use of seeds with twin embryos, sparse

pollination, wide hybridizations, or alien cytoplasm inductions

in hybrids (Kasha and Maluszynski, 2003). Also crosses between

wild diploid and cultivated tetraploid potato formed dihaploid

potato through parthenogenesis (Chase, 1963). Wide

hybridizations can lead to the loss of one of the sets of

chromosomes. Kasha and Kao (1970) described a method

of haploid production in cultivated barley by crossing with

Hordeum bulbosum. Choo et al. (2011) reviewed different

hybridization-based techniques for double haploid

development in barley. Laurie and Bennett (1988) showed

similar findings using maize, sorghum, or millet to pollinate

wheat. Barclay (1975) reported double haploids obtained

from chromosome elimination after hybridization in wheat

as well.

Other techniques for the generation of double haploids utilise

the treatment and culture of specific tissues, namely reproductive

tissues. Ovule culture has been prominent in sugar beet and

onion (Zhang et al., 1999). An alternative strategy is the use of

temperature-shock treatment in anthers (Seguí-Simarro, 2010),

that has been successfully used in Crepis tectorum (Gerassimova,

1936) and Antirrhinum majus (Ehrensberger, 1948). In vitro

anther culture has also been utilised to artificially generate double

haploids. This process often requires treatment with temperature

shock and in vitro culture of the anthers, which usually then

diploidise autonomously (Guha and Maheshwari, 1964, 1966;

Wang et al., 2000). Anther culture (Clapham, 1973; Ouyang et al.,

1973; Kao et al., 1991), pollen culture (Datta and Wenzel, 1987)

and microspore culture (Datta and Wenzel, 1987; Kao et al.,

1991) have been described in barley and wheat (Weyen, 2008),

among other species.

More recently, haploid plants were produced using mutants

null for a gene expressing the CENH3 centromere protein.

Aberrant spindle microtubules result in mis-segregation

during meiosis and haploidy which can then be doubled to

give fertile dihaploid plants (Ravi and Chan, 2010).

4 Overcoming natural species boundaries

4.1 Protoplast fusion
Protoplast fusion has been used to circumvent inter-species

crossing incompatibility to obtain heterozygous specimens from

vegetatively propagated plants (Schieder, 1982), resulting in

plants with beneficial traits (Liu et al., 2005). Several examples

of hybrid formation across species, genera, tribe, and families

have been obtained (Carlson et al., 1972; Pelletier et al., 1983; Xia,

2009; Ovcharenko et al., 2011). Wang et al. (2013) summarised

several crops of commercial relevance developed over the years

and grown in China. Other examples include the transfer of

cytoplasmic male sterility between Brassica species for

commercial F1 hybrid production (Cardi and Earle, 1997).

Also, interspecific somatic hybrids of Brassica oleracea var.

botrytis (cauliflower) and Brassica nigra (black mustard) for

high resistance to black-rot (Wang et al., 2011) and the

production of tetraploid chicory (Cichorium intybus var.

Magdebourg, Rambaud et al., 1992).

The process is based on somatic hybridization (Carlson et al.,

1972) that requires protoplast isolation of the two species of

interest, adhesion of the interspecific protoplasts and finally cell

fusion (Constabel and Cutler, 1985). Cell fusion in plants can

occur spontaneously but has been facilitated using different

techniques (Withers and Cocking, 1972). Water-soluble

polymers, such as polyvinyl-alcohol (Nagata, 1978), dextran,

gelatine (Kameya, 1975), lectin (Glimelius et al., 1978) and

PEG (Kao and Michayluk, 1974; Wallin et al., 1974), electric

stimulation (Sencia et al., 1979; Zimmermann and Scheurich,

1981), liposomes (Nagata et al., 1979), and mineral salts (Michel,

1938; Power et al., 1970; Carlson et al., 1972; Binding, 1974;

Melchers and Labib, 1974) have been used to facilitate the

production of fused protoplasts.

After the fusion process, the genetic material of the cell can

include the complete nuclear genome from both parents, referred

to a symmetric fusion, or include partially one of the parental

genomes, referred to as asymmetric fusion and often obtained by

irradiation treatment before the fusion (Grosser and Gmitter,
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2011). Following fusion, in vitro culture techniques allow the

development of a fertile adult plant.

4.2 Bridging crosses

Another approach to extend the breeders gene pool is to use

bridge crossing. This technique utilises intermediary species to

facilitate the transfer of genes between species where direct

crossing is not possible due to differences in ploidy or other

blocks to successful pollination or fertilisation. For example, this

approach has been used in wheat, where Aegilops umbeullata

(2n = 14) was crossed first with Triticum dicoccoides (2n = 28)

and then the hybrid was successfully crossed with Triticum

aestivum (2n = 42, Rosyara et al., 2019). Incompatible

Nicotiana species have also been crossed using this approach.

N. sylvestrin (2n = 24) was used as an intermediate parent to

transfer nematode resistance from N. repanda (2n = 48) to N.

tabacum (2n = 48, Burk, 1967). So called “synthetic” hexaploid

wheat (AABBD′D′) have been developed by generating a fertile

hybrid between tetraploid durum wheat (Triticum turgidum,

AABB) and diploid wild goat grass (Aegilops tauschii, D’D’)

and made significant contributions to the CIMMYT wheat

breeding programmes over the last 30 years.

Another example was reported in (Buckner et al., 1961),

where gene transfer between Italian ryegrass and tall fescue,

which are incompatible, was achieved by crossing the Italian

ryegrass first with meadow fescue and crossing that hybrid with

the tall fescue. Similar studies have reported the usefulness of this

technique in different species such as tobacco (Burk, 1967),

cowpea (Fatokun, 2000), wheat (Chhuneja et al., 2007) and

cotton (Ram, 2014).

4.3 Embryo rescue

The bridge crossing technique or wide hybridisations in

general can lead to partial infertility or to poor embryo

development in vivo. This may be due to the lack of

endosperm development or long dormancy periods (Reed,

2005). In these cases, in vitro culture techniques are useful to

support embryo germination and the formation of a fertile adult

plant. This process has had different aims, from studies in plant

biology to breeding programs (Collins and Grosser, 1984;

Bridgen, 1994; Sharma et al., 1996; Haslam and Yeung, 2011;

Ramming, 2019). It is used in plants such as cassava (Lentini

et al., 2020), where hand crossing can lead to under-developed

seeds to increase the chances of producing viable plants in the

next generation (Yan et al., 2015). Also, for hybridization

between species of cassava and castor bean (Baguma et al.,

2019) or some Aegilops x Triticum crosses, where hybrid

embryos are not naturally viable and must be nurtured to

maturity in vitro (Gill et al., 1981; Miller et al., 1987)].

5 Discussion

By generating novel combinations of spontaneous or

induced genetic variation, as described above, traditional

breeding has successfully selected beneficial traits for food,

feed, and fibre crops. The remarkable phenotypic

transformation of the wild progenitors into the eventual crop

often includes the loss of seed dormancy, loss of toxicity,

synchronised seed maturation, altered shattering, higher

yield, etc, and is termed “domestication syndrome” (Ross-

Ibarra et al., 2007). This extreme population bottleneck

defined the genetic variation underpinning these core crop

traits and included variation at both the DNA and

chromosomal level. The origins of this process date back

10,000 years, although the last century has seen significant

technological refinements in both generating and selecting

appropriate genetic variation. In the EU alone, this results in

the release of around 3,500 new varieties per year (Bruins 2021).

A prerequisite for National Listing and the ability to claim

breeders’ rights are tests that new crop varieties must undertake

for DUS characteristics (distinctiveness, uniformity and

stability over generations). Although the EU has no specific

pre-market food safety testing for conventionally bred varieties,

breeders must comply with relevant aspects of the overarching

Regulation EC 178/2002 known as EU “General Food Law,”

along with any country-specific laws.

The early success of genome editing in model plants such

as tobacco and Arabidopsis has been rapidly replicated in a

vast range of crop plants (see reviews by Martínez-Fortún

et al., 2017; Gao, 2021). Although some crop species are more

amenable and have received more attention for genome

editing research than others, its widespread adoption in

university and research centres throughout the world has

resulted in proof-of-concept examples for most crop species.

The EU-Sage database (https://www.eu-sage.eu/) contains

over 500 peer-reviewed research articles where genome

editing has been used to target market-oriented traits in

over 60 different crops with diverse targets including male

sterility, altered flowering time, accelerated domestication,

better yield, seed/pod shattering, improved plant

architecture, herbicide tolerance, resistance to fungi,

viruses, bacteria and insects, fatty acid biosynthesis,

improved nutritional content, reduction of allergens etc.

The most common outcome for genome-edited

interventions is gene knockout, via either premature stop

codons or frame-shift mutations generated by base editing or

SDN1 type repair. Although, as knowledge of gene function

and interaction improve, SDN-2 and -3 edits, along with base

editing and modification of the epigenome, are set to enable

designed alteration of enzymes, storage or structural proteins

and transcription factors. In addition, the multiplexing of

trait enhancement in these crops will become ever more

routine as the market for these crops grows, and the
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TABLE 1 Applications of genome editing that may or may not be possible to achieve using traditional breeding methods. The level of technical
difficulty and/or time needed to for different types of genome editing to be replicated using traditional breeding methods are indicated by: ✓✓✓
relatively facile; ✓✓ possible in longer time frames; ✓ technically challenging, laborious or needing much long time frames; × not possible in any
reasonable timeframe.

Category of genome
editing

Example of genome editing with
references

Ease of replication
via traditional

breeding methods

Justification Example
references

SDN-0
Non-enzymatically active
CRISPR molecules (dCas9)
used to direct DNA methylases
or acetyltransferases to alter the
epigenetic status of targeted
genomic locations with no
change in the genome
sequence.

Altered DNAmethylation Séré and Martin,
(2020), Ghoshal et al.

(2021)

Although types and
locations of epigenetic marks
in a plant can vary over space
and time, natural epigenetic
variation is more frequent
than genetic mutations and
specific epigenetic status
could, in theory, be
selected for

Natural epigenetic variation
is widespread, heritable and
contributes to plant
adaptation. Intentionally or
not, it will have been selected
for (or against) in traditional
breeding.

Becker et al. (2011);
Schmid et al.

(2018); Varotto et
al. (2020)

Epigenetic alteration at
single locus ✓✓

Altered Histone
acetyltransferase activity

Roca Paixão et al.
(2019)

Epigenetic alteration at
multiple loci in same plant ✓

SDN-1/ SDN-2
Site-directed nuclease with or
without repair template can
readily generate SNPs and
INDELs in a specific diploid or
polyploid parental genotype.
These may be homozygous in
the first generation.

Gene knockout / loss of
function alleles via
premature stop codon,
frameshift etc.

Chandrasekaran et al.
(2016), Bull et al.

(2018)

Loss of function/ SNP /
INDEL at a single pre-
determined genomic
location ✓✓✓

Insertions, deletions,
inversions, and duplications
of DNA sequences occur
throughout the genome.
Forward and reverse genetic
screening for individuals
possessing equivalent
mutations in some crops is
facile. Traditional methods to
combine multiple mutations
at different loci using marker
assisted selection is also
possible in some crop species
but more challenging or
impossible in vegetatively
propagated, perennial, self-
incompatible etc crops. The
generation of de novo,
functional gene sequences via
iterative generation/selection
of multiple, independent,
contiguous mutations, is
effectively impossible using
current traditional breeding
approaches. However, the
introgression of one or
multiple genes from a
crossable species is relatively
facile (see below).

Funatsuki et al.
(2014); Hasan et al.

(2021)

Loss of function/ SNPs /
INDELs at multiple,
independent pre-determined
genomic locations in same
plant ✓✓

Gene knockout / loss of
function alleles via
multiple SDN excision.

Doll et al. (2019), Li et
al. (2022)

The generation of novel,
functional gene sequences
(including cis- or
transgenes) via the
generation of multiple
contiguous mutations ×

Base editing is emerging as a
more facile method to generate
targeted SNPs in a specific
diploid or polyploid parental
genotype. Unlike SDN1/2/3,
these do not depend on Non-
Homologous End Joining or
Homologous Recombination
and may be homozygous in the
first generation.

Targeted nucleotide
substitution

Bharat et al. (2020),
Molla et al. (2021)

Base edit at a single pre-
determined genomic
location ✓✓✓

Substitutions of DNA bases
occur spontaneously
throughout the genome. As
above, screening for
individuals possessing
equivalent mutations is facile
in some crops. Traditional
methods to combine multiple
mutations at different loci
using marker assisted
selection is also possible in
some crop species but more
challenging or impossible in
vegetatively propagated,
perennial, self-incompatible
etc crops. The generation of

Wang et al. (2020)

Li et al. (2017) Base edits at several,
independent pre-determined
genomic locations in same
plant ✓
Multiple base edits in
contiguous nucleotide
positions to generate a
completely novel gene ×

(Continued on following page)
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technology becomes further refined (Najera et al., 2019;

Abdelrahman et al., 2021). Indeed, it is the ability to

rapidly multiplex many changes into the same individual

without the constraints of linkage drag and multiple back-

crossings to a recurrent parent that make genome editing

particularly advantageous. However, despite significant

interest from researchers and breeders, and the general

enthusiasm for the technology from many food chain

stakeholders, only a handful of genome-edited foods have

been commercialised to date. One reason for this is the

country-to-country variation and general uncertainty over

how to regulate this technology.

Taking conventional plant breeding as a baseline, it is logical

and proportionate for most products of new breeding

technologies to not fall within the scope of current GMO

regulations. Specifically, those products of genome editing that

possess no transgenes, that could have been generated via

traditional methods and where the nutritional composition of

TABLE 1 (Continued) Applications of genome editing that may or may not be possible to achieve using traditional breeding methods. The level of
technical difficulty and/or time needed to for different types of genome editing to be replicated using traditional breeding methods are indicated by:
✓✓✓ relatively facile; ✓✓ possible in longer time frames; ✓ technically challenging, laborious or needing much long time frames; × not possible in any
reasonable timeframe.

Category of genome
editing

Example of genome editing with
references

Ease of replication
via traditional

breeding methods

Justification Example
references

de novo gene sequences by
spontaneous substitution and
iterative selection of multiple
contiguous bases is effectively
impossible using current
traditional breeding
approaches. However, the
introgression of one or
multiple existing cisgenes is
relatively facile.

SDN-3 / cisgenics
Single or multiple site-directed
nucleases with repair template
can produce targeted and
homozygous whole gene level
changes in an elite diploid or
polyploid parental genotype to
obviate the need for repeated
backcrossing.

Allele (cisgene)
replacement or de novo
cisgene addition

Li S. et al. (2016);
Schmidt S.M. et al.

(2020); Jo et al. (2014)

Single allele (cisgene)
replacement or de novo
cisgene addition ✓✓✓

Sexual crossing results in
novel combinations of alleles.
Screening for individuals
possessing a specific allele is
relatively facile using
molecular markers.
Traditional methods to
combine specific alleles at
multiple loci using marker
assisted selection is also
possible in some crop species
but more challenging or
impossible in vegetatively
propagated, perennial, self-
incompatible etc crops.
Repeated backcrossing to a
recurrent parent combined
with MAS can result in a
single or multiple allele
replacement.

Chung et al. (2017);
Cho et al. (2019)

Multiple allele (cisgene)
replacements or de novo
cisgene transfers into the
same plant ✓

Targeted insertion of
multiple cisgenes or
transgenes at a single
locus using gene editing

Gao et al. (2020) Simultaneous insertion of
multiple genes into a single,
segregating locus ×?

The introgression of one or
more cisgenic alleles or the
repeated, iterative stacking of
cisgenes into untargeted
locations is possible.
However, introgressing
multiple cisgenes into a
single, predefined, genomic
landing locus is effectively
impossible using current
traditional breeding
approaches, However, the
function of the individual
cisgenes is unlikely to be
significantly altered by their
genomic location.

Trait stacking into a
predetermined genomic
locus

Ainley et al. (2013) Iterative stacking by adding
new genes to an already
present and pre-determined
‘safe harbour’ / ‘landing pad’
locus ×?
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the edible parts falls within the range of commercial reference

varieties, should simply follow the conventional route for variety

trials and National Listing.

In Table 1, we have used a four-point scale in an attempt to

address what outcomes of genome editing could and could not be

achieved using traditional means. Broadly, some applications of

genome editing can clearly result in a GMO, for instance where

functional transgenes from a non-sexually compatible organism

are integrated into the host genome in a site-directed manner.

Other outcomes of genome editing, such as individual SNPs or

minor INDELs, could clearly be found spontaneously in nature

or readily be achieved using traditional breeding methods in

sexually propagated crops. Although individual edits are clearly

achievable by traditional breeding, in many crops, practical

limitations would make multiplexing of these individual edits

at multiple loci in the same individual a significant challenge.

Although, in other crops, the use of automated, high throughput

marker assisted selection could make this more facile.

Furthermore, the broad spectrum of methods used by plant

breeders are not commonly applied to all crops. Often

innovations, such as mutation breeding, or high throughput

marker assisted selection have yet to be employed in some

orphan crops. This is particularly evident in vegetatively

propagated crops, such as banana, where methods relying on

sexual reproduction are not applicable (Heslop-Harrison and

Schwarzacher, 2007). It is inevitable that genome editing

techniques will be used to improve such crops, and therein

lies the challenge for regulators. It is relatively easy to

categorise particular genome edited plants as GMOs, and

others as non-GMO organisms that possess individual genetic

changes that could be achieved by traditional breeding. However,

examples where multiple editing at multiple loci has been used to

introduce a novel function, or where editing has been used in a

hard-to-breed crop, may be more difficult to categorise. The

authors assume that flexibility will be applied so editing in

vegetatively propagated species or the proportionate use of

multiplexing will not be disadvantaged. Plant breeding has

had an impressive history of safety and where genome editing

results in changes that could be generated using traditional

methods, it is appropriate that the same safety checks apply.

However, where genome editing results in marked nutritional

changes to food crops that are outside the normal range or

generate a totally novel food type that may raise a safety concern,

then regulators may require a proportionate, case-by-case risk

assessment.

Regardless of the exact constraints placed on genome edited

crops in the future, it is inappropriate to regulate them as GMOs

where the same outcomes can be achieved via traditional

methods. It is imperative that society benefit from the

agricultural and breeding innovations including genome

editing. Unlocking the legal constraints around the application

of the technology will drive continued improvements in feed and

food crops and contribute to securing food supplies in an ever-

changing environment.
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