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Abstract
The conventional breeding of fruits and fruit trees has led to the improvement of consumer-driven traits such as fruit size, 
yield, nutritional properties, aroma and taste, as well as the introduction of agronomic properties such as disease resistance. 
However, even with the assistance of modern molecular approaches such as marker-assisted selection, the improvement 
of fruit varieties by conventional breeding takes considerable time and effort. The advent of genetic engineering led to the 
rapid development of new varieties by allowing the direct introduction of genes into elite lines. In this review article, we 
discuss three such case studies: the Arctic® apple, the Pinkglow pineapple and the SunUp/Rainbow papaya. We consider 
these events in the light of global regulations for the commercialization of genetically modified organisms (GMOs), focusing 
on the differences between product-related systems (the USA/Canada comparative safety assessment) and process-related 
systems (the EU “precautionary principle” model). More recently, genome editing has provided an efficient way to introduce 
precise mutations in plants, including fruits and fruit trees, replicating conventional breeding outcomes without the extensive 
backcrossing and selection typically necessary to introgress new traits. Some jurisdictions have reacted by amending the 
regulations governing GMOs to provide exemptions for crops that would be indistinguishable from conventional varieties 
based on product comparison. This has revealed the deficiencies of current process-related regulatory frameworks, particu-
larly in the EU, which now stands against the rest of the world as a unique example of inflexible and dogmatic governance 
based on political expediency and activism rather than rigorous scientific evidence.
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Introduction

Fruit crops have traditionally been improved by conventional 
breeding, which involves selecting plants with desirable 
traits over many successive generations to achieve incre-
mental improvements in phenotypes such as fruit size, yield, 
nutritional properties, and aroma/taste (Moreno-González 
and Cubero 1993). The introduction of new traits, such as 
disease resistance, requires the introgression of the corre-
sponding alleles into elite lines that have already been honed 
by many generations of selection. For example, a high-yield-
ing elite line is crossed with a disease-resistant variety fol-
lowed by repeated backcrossing with the elite parent, aiming 
to preserve as much of the genetic material from the elite 
variety as possible without losing the new resistance allele. 
It takes many generations to somewhat restore the elite back-
ground, and in species with a long juvenile phase it may 
take several decades for the selectable phenotype to emerge 
in each generation. Compounding breeding difficulties is 
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the obligate outcrossing nature of many fruit-bearing crops, 
which makes it impossible to recover the original genotype 
and phenotype. Therefore, the chance selection of a desirable 
phenotype in an elite cultivar is highly valuable. Develop-
ment of resistance to apple scab illustrates this point very 
well where the crosses between a wild type and an elite line 
of apple were initiated in the 1950s and the derivative cul-
tivars are still lacking in desired fruit quality traits (Hough 
et  al. 1953; Schouten et  al. 2006). The latter has been 
addressed to a degree by the development of marker-assisted 
selection (Lande and Thompson 1990), in which molecular 
markers linked to the desired trait can be selected at an ear-
lier developmental stage, but this does not provide a short-
cut to the generations of backcrossing required to achieve 
successful introgression (Semagn et al. 2006). However, it 
is possible to overcome extensive juvenility in woody spe-
cies via transgenic expression of the FLOWERING LOCUS 
T (FT) and other MADS-box genes, in an approach called 
Fastrack breeding. An example of this is the ‘Pinova’ apple, 
which has been transformed to express a MADS-box gene 
from silver birch (Betula pendula), BpMADS4 imparting an 
early flowering phenotype (Elo et al. 2007; Flachowsky et al. 
2007). While this presents a practical approach, to obtain 
a non-GMO product through Fastrack breeding, the gene 
responsible for early flowering will need to be segregated 
out.

From the 1950s onward, several new strategies were 
developed to provide faster access to genetic diversity. 
Rather than waiting for the serendipitous emergence of 
disease-resistant varieties of a fruit species, researchers and 
agronomists developed various wide crossing methods in 
which sexually incompatible species formed hybrids that 
were rendered fertile by blocking cell division in culture, 
resulting in polyploidy and the restoration of productive 
meiosis. In some cases, these new fertile interspecific and 
intergeneric hybrids were derived from sterile hybrids that 
formed in nature (Stalker 1980), but more aggressive forced 
hybridization approaches were also developed including 
chromosome addition/removal (Thomas 1993) and somatic 
hybridization by protoplast fusion to bring together species 
that would otherwise be unable to form offspring (Sink et al. 
1992). Further genetic diversity was introduced by using 
chemical mutagens, radiation or transposons, expanding the 
number of potentially valuable alleles directly in the elite 
lines (Lapins 1983). These methods were limited by the pool 
of genetic information available in the fruit crop or species 
close enough to form hybrids.

The next major step forward was the advent of transgenic 
plants, allowing the direct introduction of specific genetic 
constructs from any source (Gasser and Fraley 1989). 
Several methods were developed concurrently, including 
transformation by the soil bacterium Agrobacterium tume-
faciens, physical gene transfer methods such as particle 

bombardment and electroporation, and chemical transfection 
methods for protoplasts. For the first time, this extended the 
available gene pool beyond plants, but all methods involved 
some form of in vitro culture step, with many fruit species 
exhibiting recalcitrance to transformation and/or regenera-
tion. In species and cultivars that were amenable to both, it 
became possible to introgress new genes directly into elite 
varieties in a single generation, eliminating the need for 
repetitive backcrossing (Kohli and Christou 2008). How-
ever, the advent of genetic engineering also brought with it 
a greater regulatory burden, because for the first time these 
new plant varieties carrying genes from other species were 
regarded as different, in a specific legal context, from other 
crop varieties produced by so-called natural methods (Masip 
et al. 2013; Ammann 2014). This provided the first inkling 
of the dichotomy between regulating the product and regu-
lating the process because it raised the prospect of a geneti-
cally modified plant being treated as distinct from a natural 
variety even if both were genetically identical. Initially, this 
theoretical consideration was not thought to have any real-
istic practical implications because all genetic engineering 
strategies, even if they introduced genes from the same spe-
cies, left some footprints of foreign DNA that advertised 
their status as a genetically modified organism (GMO), such 
as selectable marker genes, parts of the vector backbone, or 
parts of the A. tumefaciens T-DNA (Twyman et al. 2002).

In the last decade, the arrival of genome editing has 
resulted in another leap forward in breeding technology 
(Jansing et al. 2019; Ghogare et al. 2020). Genome edit-
ing involves the expression of specialized nucleases that 
introduce double-strand breaks (DSBs) at precise and 
pre-selected targets in the plant genome. The inaccurate 
repair of these DSBs results in the formation of indels 
that inactivate the targeted gene, although the provision 
of donor DNA matching the flanks of the target site can 
achieve the integration of new sequences (analogous to 
transgene insertion, but more controlled) or the replace-
ment of one sequence with another. Importantly, these 
processes leave no other footprints behind and, at the 
sequence level, the indel mutants are indistinguishable 
from natural mutations or those induced by chemicals 
or radiation (Pérez-Massot et al. 2013; Zhu et al. 2017). 
Mutations induced by chemicals or radiation are usu-
ally hemizygous. In such lines, homozygosity may be 
obtained by closely observing filial segregates and per-
forming the necessary back crosses to fix the mutated 
gene of interest. The true utility of site-directed mutagen-
esis via gene editing, however, lies within its ability to 
target multiple copies of a gene, including homoeolo-
gous ones in polyploids. More recently, variants of the 
genome-editing method have been developed for single-
nucleotide replacement, allowing the precise swapping 
of one base for another in a DNA strand (Monsur et al. 
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2020). These technologies expose the illogical nature of 
current regulatory frameworks based on the process rather 
than the product because it is impossible to distinguish 
a natural plant variety from one generated in the labora-
tory (Hartung and Schiemann 2014). Furthermore, there 
is evidence from a number of natural plants (including at 
least two major crops) that the evolution of some plant 
families has involved the integration of Agrobacterium 
genes, leaving ancient T-DNA footprints that again blur 
the boundary between ‘natural’ and ‘engineered’ species 
(Quispe-Huamanquispe et al. 2017). In this article, we 
look at three case studies of fruit crops developed using 

modern breeding methods, consider whether the same 
goals could have been achieved using alternative tech-
nologies, and discuss their regulation in different juris-
dictions as a means to highlight the unworkable current 
legal framework for the definition and control of new fruit 
crop varieties.

Fig. 1   Comparison of different methods and timelines to develop 
fruit crops with a desirable new trait, such as disease resistance. Top 
left: ploidy manipulation involves the use of chemicals such as col-
chicine to induce polyploidy in culture, followed by regeneration and 
crossing. Top right: interspecific hybridization involves the natural 
or forced hybridization of different species, followed by crosses to 
one or both parents. Forced hybridization by protoplast fusion would 
also involve a callus culture and regeneration step. Middle left: con-
vention breeding involves the crossing of different varieties followed 
by multiple generations of backcrossing to reinstate the elite back-
ground while retaining the new trait. Middle right: mutation breeding 

involves the mutagenization of a population, the selection of desired 
mutants for crossing. Bottom left: transgenic plants often allow the 
direct introduction of desirable traits into an elite background, result-
ing in a short biological process (green arrow). However, the regula-
tory approval of such varieties takes much longer (red arrow). Bot-
tom right: in the case of genome editing, the short biological process 
(green arrow) is sufficient in regulatory jurisdictions that follow a 
US-type system but a length regulatory approval process (red arrow) 
is required in the EU, which currently follows a strict process-based 
regulatory system
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Different breeding technologies applied 
to fruit crops

Conventional breeding

The genetic improvement of fruit crops requires several 
cycles of selection for better-performing genotypes derived 
through the process of chromosomal recombination (Jan-
ick 1998; Moose and Mumm 2008). The major bottleneck 
in conventional breeding is the large number of crosses 
required to represent as many genetic recombination events 
as possible (Fig.  1). In perennial fruit crops, seedlings 
enter a prolonged juvenile phase before the progeny can be 
phenotyped for desired traits, which means the process of 
recurrent selection can take several decades (Guzman and 
Dhingra 2019; Kaiser et al. 2020). For example, a series of 
natural hybridization and selection events in the evolution 
of apple (Malus spp.) has produced cultivars with diverse 
quality traits such as sweetness, color, firmness, and size 
(Cornille et al. 2014; Kaiser et al. 2020). Cultivar develop-
ment has been accelerated by the incorporation of molecular 
markers for early selection, and genomic technologies such 
as genome-wide association studies (GWAS) to identify 
quantitative trait loci (QTLs) more efficiently (Brachi et al. 
2011; Iwata et al. 2016; Moose and Mumm 2008). Exam-
ples of traits that have been introduced using these modern 
conventional breeding approaches include higher nutritional 
value, early maturity, increased yield, cold resistance, supe-
rior taste, seedlessness, and disease resistance in mandarin 
(Omura and Shimada 2016), cucumber (Feng et al. 2020), 
peach, strawberry, apple, and banana (Bouis 2002; Moose 
and Mumm 2008). With the availability of pangenomes and 
an increasing understanding of genotype–phenotype rela-
tionships combined with Fastrack breeding, it may be feasi-
ble to develop desirable cultivars at a faster rate.

Chemical, radiation and transposon mutagenesis

Conventional breeding is limited to the genetic diver-
sity available in sexually compatible plants (International 
Atomic Energy Agency 2001; Te Beest et al. 2012). The 
genetic diversity of otherwise ‘closed’ populations can be 
increased by treating seeds, seedlings, cultured cells, or even 
whole plants with agents that induce new mutations. Seeds 
are preferred targets because the embryo has a small num-
ber of cells, so mutagenesis is easier to control and results 
in fewer chimeric plants (Lamo et al. 2017). The frequency 
and structure of new mutations depend on the mutagen type 
and the exposure (Mba et al. 2010). However, the mutations 
generated are random and large populations (mutant librar-
ies) must be screened to identify desirable events (Kumawat 
et al. 2019). The most significant advantage of mutagenesis 

is that it obviates the need for genetic segregation while 
incrementally improving an elite selection.

The earliest deliberate mutagenesis method applied 
directly to plants was high-energy radiation in the form of 
X-rays (Lamo et al. 2017). This approach is still used today, 
along with other sources such as fast neutrons, ionizing 
radiation and gamma rays, triggering direct DNA damage 
as well as indirect effects caused by oxygen radicals, and 
accordingly generating diverse mutations ranging from 
single-nucleotide replacements to large deletions and chro-
mosomal aberrations (Predieri 2001). For example, gamma 
rays have been used to improve heat tolerance in pineapple 
(Lokko and Amoatey 2001), self-fertility in sweet cherry, 
fruit color in apple, bunch size and early growth in banana, 
dwarf stature in papaya, disease-resistance in pear and straw-
berry, and early growth in grapevine (International Atomic 
Energy Agency 2001).

Chemical mutagens generate DNA adducts that lead to 
inaccurate repair, predominantly resulting in point muta-
tions, and by adjusting the dose it is possible to generate 
simultaneous mutations in different genes (International 
Atomic Energy Agency 2001). Alkylating agents such as 
ethylmethanesulfonate (EMS) are widely used in fruit crops 
(Kodym and Afza 2003; Mba et al. 2010). For example, 
EMS has been used to induce mutations in banana, cucum-
ber and tomato (Novak 1990; Wang et al. 2014; Binti et al. 
2015). Chemical mutagenesis is efficient in whole plants 
and seeds but less efficient in tissue culture due to toxicity 
(Lamo et al. 2017).

Transposons are naturally occurring segments of DNA 
that can ‘jump’ along the genome and insert themselves in 
intergenic or genic regions. Transposon-mediated mutagen-
esis is a process in which transposable elements are induced 
to mobilize during early development. The objective is often 
to generate a saturation library where every gene is inter-
rupted in at least one individual of the resulting population 
(Barquist et al. 2016). This common functional genomics 
approach has also been used to improve crop traits, although 
few applications have been reported in fruit crops. In tomato, 
heterologous transposable elements have been introduced 
from maize to induce the formation of insertional mutants 
(Cooley et al. 1996; Chaudary et al. 2019), which repre-
sents a hybrid approach between transposon mutagenesis 
and transgene insertion. However, endogenous Rider trans-
posons have also been used for the same purpose (Roldan 
et al. 2017).

Polyploidy and interspecific hybridization

Natural polyploidy has been critical for the evolution, 
adaptation and speciation of plants (Ramírez-Madera et al. 
2017; Ramsey and Schemske 1998). Polyploidy can also be 
induced in fruit crops by treatment with chemicals such as 
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colchicine that block mitosis without inhibiting DNA rep-
lication, leading to a doubling of the chromosome number. 
This phenomenon is known as autopolyploidy because the 
doubled set of chromosomes arises from one source. Unlike 
animals, where chromosome aberrations are usually lethal, 
plants show a much greater tolerance of gene dosage effects 
and polyploidy is often beneficial, for example conferring 
stress resistance (Zhu Hongju 2018). In grapevine, triploid 
and tetraploid lines generated by exposure to 0.05% colchi-
cine produced larger, higher-quality berries, without changes 
in color, acidity, or soluble carbohydrates. However, only 
the tetraploids remained vigorous in growth (Notsuka et al. 
2000). In dessert apples, triploids are often sought in breed-
ing programs for their propensity to have larger fruiting bod-
ies (Spengler 2019).

Interspecific hybridization or wide crosses have also been 
used to improve fruit crops. The methods to achieve this 
include the natural formation of hybrids by sexual reproduc-
tion, as seen with many citrus varieties (Wu et al. 2014), as 
well as more aggressive methods, such as somatic hybrid-
ization (Ohgawara et al. 1991). In perennial crops, if the 
hybrids are fertile, interspecific hybridization requires sev-
eral rounds of backcrossing with one or both parents to elim-
inate undesirable background effects, and the screening of 
desirable progeny is laborious (Abbott 1992). This approach 
has been used to introgress scab resistance in apples but took 
more than four decades (Crosby et al. 1992). Similarly, the 
development of elderberries with higher sugar content and 
antioxidants by interspecific hybridization and backcrossing 
took a decade (Mikulic-Petkovsek et al. 2016). Where the 
hybrids are sterile, the induction of polyploidy can restore 
the ability of germ cells to undergo productive meiosis and 
therefore render the hybrid fertile, a phenomenon known 
as allopolyploidy because the doubled chromosomes arise 
from more than one source. Similarly, polyploidy achieved 
by protoplast fusion is a form of allopolyploidy because two 
complete sets of chromosomes, one from each donor species, 
are introduced into one cell (Zhu and Liu 2018).

Genetic engineering

Genetically engineered plants are modified by the insertion 
of one or more genes not limited by species or kingdom, 
allowing the introduction of desirable traits directly in an 
elite background in a single generation. The aim of genetic 
engineering is to improve important traits such as fruit yield 
or quality, or resistance to biotic or abiotic stress (Jhansi 
Rani and Usha 2013; Ricroch and Hénard-Damave 2016; 
Yabor et al. 2020; Yau and Stewart 2013). The first approved 
transgenic fruit (GMO) was the Flavr Savr tomato devel-
oped by Calgene, a biotechnology company later acquired 
by Monsanto (Redenbaugh et al. 1992). The Flavr Savr vari-
ety expressed an antisense RNA to suppress the expression 

of β-polygalacturonase, the enzyme responsible for pectin 
degradation and therefore fruit softening, giving the fruits 
a longer shelf life. Flavr Savr was approved by the US Food 
and Drug Administration (FDA) in 1994 but was withdrawn 
in 1997 when the company succumbed to financial diffi-
culties, in part precipitated by the poor choice of genotype 
selected to create the Flavr Savr tomato (McHughen 2001). 
After tomato, the next transgenic fruit developed was papaya 
varieties (Sunset and Kapoho) in which the gene coding for 
capsid protein from Papaya Ringspot Virus (PRSV) was 
inserted into the papaya genome. In 1998 the first virus-
resistant transgenic papaya was released (Gonsalves 2006). 
More recently, a transgenic non-browning apple has been 
approved for release in the USA based on the same princi-
ple (Carter 2012; Xu 2013; Igarashi et al. 2016; Stowe and 
Dhingra 2021). The transgenic approach has been used to 
improve several other traits in apple, pineapple, papaya and 
banana, such as fruit quality and firmness, growth habit, 
and tolerance to abiotic stress (Gonsalves 2006; Igarashi 
et al. 2016; Sreedharan et al. 2013; Yabor et al. 2020). Cur-
rently, the only transgenic fruit crops approved in the US are 
a papaya ringspot virus-resistant papaya (Gonsalves 2006), a 
plumpox virus-resistant plum (Scorza et al. 2012), the non-
browning apple described above (Xu 2013) and a Pinkglow 
pineapple variety (FDA 2018). Three of these events are 
described in the case studies that follow.

Genome editing

Genome editing allows the introduction of mutations at pre-
defined sites by targeting a particular unique sequence with 
a guided nuclease. Various genome editing platforms have 
been described, but the three that have been used in fruit 
crops are zinc finger nucleases (ZFNs), transcription activa-
tor-like effector nucleases (TALENs), and the CRISPR/Cas9 
system (Ghogare et al. 2020; Shukla et al. 2009; Zhang et al. 
2013). The principle of ZFNs and TALENs is similar in that 
both are based on the type IIS restriction endonuclease FokI, 
in which the sequence-dependent DNA-binding domain 
and endonuclease domain are physically and functionally 
separate. Accordingly, the endonuclease domain cuts at a 
non-specific sequence a few nucleotides downstream of the 
specific target site. By replacing the FokI DNA-binding 
domain with a series of DNA-binding zinc finger modules 
(ZFNs) or TAL effector domains (TALENs), the nuclease 
can be designed to target any sequence of choice in the plant 
genome (Zhang et  al. 2013). Unlike the protein-guided 
ZFNs and TALENs, the CRISPR/Cas9 system is based on 
a nuclease (Cas9) that recognizes a very short and therefore 
abundant sequence (3–8 nt long) known as the protospacer 
adjacent motif (PAM). However, the nuclease is guided to 
a more specific target by a guide RNA (gRNA), which is 
a complementary sequence next to the PAM. The gRNA 
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is ~ 20 nucleotides in length. The CRISPR/Cas9 system is 
more versatile than the others because gRNAs are much 
easier to design and produce than ZFN and TALEN mod-
ules, and multiple gRNAs can be used to target different 
genes simultaneously (Bortesi et al. 2016; Armario Najera 
et al. 2019).

Zinc finger nucleases (ZFNs) have been used to edit 
selectable markers in apple and fig (Peer et  al. 2015), 
whereas TALENs have been used to enhance traits in several 
fruit and vegetable crops (Khan et al. 2017). However, these 
systems have only been used to a limited extent in fruit trees 
due to the complex principles of construct design (Carroll 
2011). CRISPR/Cas9 has been widely used to edit multiple 
fruit crops (Zhou et al. 2020). For example, resistance to 
abiotic stress has been improved by using CRISPR/Cas9 in 
tomato, banana, grapevine, papaya, watermelon and cacao 
(De Toledo et al. 2016; Tashkandi et al. 2018; Tian et al. 
2018; Wang et al. 2017; Yin et al. 2018). CRISPR/Cas9 in 
has also been used for the domestication of tomato, cucum-
ber, groundcherry and kiwifruit varieties (Hu et al. 2017; 
Lemmon et al. 2018; Li et al. 2018a, b; Varkonyi-Gasic et al. 
2019; Zsögön et al. 2018).

A comparative assessment of the approaches of crop 
improvement indicates that genome editing of elite culti-
vars requires the shortest duration to reach the retail market 
without the regulatory processes (Fig. 1). While conven-
tional, polyploid and mutagenesis breeding take 12–15 years 
to select a desirable genotype, it should be noted that the 
multi-generation (vegetative), multi-location and multi-
year agronomic and post-harvest evaluation require another 
7–10 years before a variety can be released. A newly released 
variety will then need to scale up before reaching the market 
extending the time from the first cross to the market shelf 
to about 40 years.

Regulation of crops produced using new 
technology

The laws and regulations governing food are intended to 
ensure safety and quality throughout the food production 
and distribution chain (FAO 2020). International legislation 
(Table 1) has evolved in response to new technologies, but in 
some jurisdictions this has occurred in a politically expedi-
ent rather than science-based manner, resulting in unneces-
sary complexity and a lack of international harmonization 
(Farre et al. 2011). The lack of a standard approach spanning 
international boundaries causes difficulties in the enforce-
ment of international agreements and disrupts international 
trade (Masip et al. 2013; Pérez-Massot et al. 2013; NASEM 
2016).

The two main approaches for the safety assessment of 
novel foods (including the products of genetic engineering 

and genome editing) focus on the product or the process, 
respectively (Mayer 2009). Jurisdictions have tended to fol-
low either the EU model, which is based on the production 
process or the US model, which is based on the assessment 
of features in the final product (Fig. 2). However, some 
hybrid models are now beginning to emerge. The regula-
tion of crops produced by genetic engineering g in the USA 
and Canada has built on pre-existing regulations covering 
conventional crops, and is based on the principle of “sub-
stantial equivalence” in which the new crop is compared to 
its nearest natural equivalent (Ahmad 2014; Acosta 2014). In 
the US crops generated by genome editing are classed along 
with conventional varieties if the genome editing approach is 
used to introduce simple mutations, but are classed as GMOs 
if the genome editing approach was used to introduce foreign 
genetic material. Canada has yet to establish a formal policy 
on gene editing. In the US, the FDA has not yet announced 
how it will regulate editing. The USDA allows one edit (be 
it a double-strand break or a nucleotide) to be made. Thus, 
edited gene families and homoeologs are regulated articles 
(US does not use the term GM), not conventional. On the 
other hand, the US is unique in that it now allows cisgenes 
to be considered conventional, even if transferred by rDNA 
technology. However, if the edit results in resistance to a 
disease or pest, the EPA (which has presented a draft regula-
tion) will be involved. An indel will be allowed as conven-
tional as long as an allele with the exact nucleotide sequence 
exists in a sexually compatible relative. Alternatively, entire 
removal of a gene such that no mRNA is produced will be 
allowable. Cis genes will be allowable as long as the level 
of expression does not exceed what is in the sexually com-
patible relative, or the timing and tissue of expression are 
not altered over what happens in the sexually compatible 
relative (Drs A. McHughen and H. Quemanda—personal 
communication; anonymous reviewer).

Other countries in the Americas, such as Brazil and 
Argentina, have introduced specific new federal statues 
for the regulation of crops designated as GMOs and also 
classify genome-edited crops using the same dual approach 
although there are questions as to how much DNA can be 
added before it becomes a GMO. Of note is the fact that 
Brazil and Argentina put in place regulations for genome-
edited crops before the USDA did, while the FDA and EPA 
still do not have theirs in place. The CTNBio’s Normative 
Resolution no16 (RN16) was published on 15 January 2018 
(RESOLUÇÃO NORMATIVA Nº 16, 2018) and it laws 
covers products generated through new Breeding Technolo-
gies, including Genome Editing. Brazilian regulations for 
genome-edited crops follow a case by case approach. Thus 
a product generated by genome editing may be considered 
conventional if recombinant DNA/RNA is absent in the 
progeny, or if the genetic elements could be obtained by 
conventional breeding; such products may be considered as 
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conventional if the induced mutations could also be obtained 
by older techniques, such as radiation or chemical mutagen-
esis, or even the presence of induced mutations that could 
occur naturally (Entine et al. (in press); Whelan and Lema 
2015).

In Europe, crops designated as GMOs are much more 
strictly regulated than in the Americas, and although such 
crops are not banned de jure, the complexity and hostility of 
the legislation ensures that a de facto moratorium is in place 
which limits production to a very small number of sites. 
GMOs are covered by Regulation (EC) no. 1829/2003 on 
genetically modified food and feed and Directive 2001/18/
EC on the release of GMOs into the environment. Follow-
ing the evaluation of food-related and environmental safety 
risks by the European Food Safety Authority (EFSA), the 
final decision on whether to allow cultivation for market 
production is determined by the European Commission with 
individual Member States allowed a veto for any reason, not 
necessarily based on scientific principles (NASEM 2016). 
Failing that, petitions for approval go to the Regulatory 
Committee, which usually gives an unfavorable opinion for 
the same reason. Then it goes to the ministers, and 2/3 must 
vote for approval, something that has only happened twice. If 
2/3 do not vote positively, or if 3 months transpire without a 

decision, the petition returns to the EC and the cycle repeats 
itself (Sabalza et al. 2011).

This means that decisions are often made for political 
reasons and can override a positive evaluation from EFSA 
(Sabalza et al. 2011; Masip et al. 2013). The regulatory sys-
tem is based on the process, so any GMO is classed sepa-
rately from the products of conventional breeding no matter 
how similar it is to a conventional variety. For example, a 
hybrid generated by protoplast fusion involving two dis-
tantly related species, followed by chromosome manipula-
tion in vitro and extensive chemical mutagenesis would still 
be classified as a natural variety, whereas a transgenic plant 
with a single base change would be classified as a GMO 
and would attract much greater regulatory scrutiny. Accord-
ingly, crops generated by genome editing are regulated as 
GMOs regardless of the nature of the genetic change, and 
under current regulations this would even apply to new crop 
varieties generated using CRISPR/Cas9 ribonucleoprotein 
particles, which are DNA-free mutagenesis methods con-
ceptually no different to chemical mutagenesis but a whole 
lot more accurate.

Asia, China and India grow GMO crops on a large scale 
and follow a broadly process-based classification system 
based on the EU model, but in both cases there is legislation 
in development that would assert a hybrid model especially 

Fig. 2   Differences in the basis of GMO regulation between the US and the EU
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regarding the classification of genome-edited crops on the 
basis of product characteristics rather than process, closer to 
the dual system that applies in the Americas. The Chinese 
Ministry of Agriculture and Rural Affairs implements poli-
cies related to agriculture, rural areas, and rural residents, 
and regulates crops, animal husbandry, fisheries, agricul-
tural mechanization, and the quality of agricultural products, 
whereas the Department of Science, Technology and Edu-
cation (Agricultural GMO Biosafety Management Office) 
controls agricultural science and technology, system reform, 
research and development, technology imports, and com-
mercialization (Xinrong et al. 2018). In India, the regula-
tion of genetically modified and edited crops is covered by 
the 1986 Environment Protection Act under the oversight 
of the Genetic Engineering Appraisal Committee (GEAC) 
due to the absence of specific regulations and operational 
infrastructure.

In Japan, GMO crops are regulated using a product-based 
system like the USA and Canada, and genome editing is 
assessed using the same dual-classification approach (USDA 
2013). In Australia, GMO crops are regulated similarly to 
Argentina and Brazil through the Gene Technology Act 
2000 and are overseen by Food Standards Australia New 
Zealand (FSANZ) which applies an EU-like process-based 
system, but genome-edited crops that carry simple mutations 
are exempt (Office of the Gene Technology Regulator 2020). 
The EU is therefore unique in its stubborn and rigorous defi-
nition of all genome edited crops as GMOs.

Non-specific or off-target effects in genome-edited crops 
can now be minimized or avoided altogether thanks to 
advances in the technology which improve target specificity 
substantially (Shan et al. 2015; Baysal et al. 2016; Sánchez-
León et al. 2018; Macovei et al. 2018; Pérez et al. 2019). 
Interestingly, off-target effects which are widespread in 
crops developed through mutation breeding have not raised 
concerns from regulators, perhaps because none of these 
have caused serious harm in the 70-year history of muta-
tion breeding. It is clear that targeted gene editing is the 
plant breeding technology with the least off-target mutations 
because conventional mutation breeding induces probably 
more than 99% of off-target mutations, and any other "natu-
ral" mutation is per se a non-target mutation, and can only 
in retrospect be defined as target or off-target (i.e. kept in the 
breeding program or eliminated), once a target is identified 
and followed up in precision breeding.

Case studies

Okanogan Specialty Fruits, Inc.: Arctic® apple 
(GD743/GS784/NF874)

The transgenic Arctic® apple (Malus × domestica) was 
developed by Okanogan Specialty Fruits, Inc. (OSF) to pre-
vent enzymatic browning of the fruit flesh following expo-
sure to air (Carter 2012; Lewis 2017; Stowe and Dhingra 
2021). Browning was identified by OSF as an important 
and undesirable quality-related trait in multiple interviews 
and surveys of growers, packers, processors and consum-
ers (Brooks 2012, 2013). A research program to develop 
anti-browning approaches began in 1996 when most GMO 
research was still focusing on input traits such as herbicide 
and pest resistance (Brooks 2016). The first Arctic® apple 
was released in 2017 in the form of pre-packaged fruit slices, 
and three varieties are currently available under the Arctic 
brand: Golden Delicious, Granny Smith and Fuji.

The Arctic® apple is a product of Agrobacterium-medi-
ated transformation and is therefore classed as a GMO 
(Carter 2012). Browning is prevented by reducing PPO 
activity in the fleshy part of the fruit, which is achieved by 
the expression of an RNA construct that triggers the forma-
tion of double-stranded RNA (dsRNA) and therefore induces 
RNA interference (RNAi), suppressing the expression of 
four PPO families at the post-transcriptional level. RNAi 
can be induced by various strategies, including the direct 
expression of dsRNA and the expression of antisense RNA 
matching the target mRNA, thus leading to the formation of 
dsRNA in vivo. In this case, however, the strategy is sense 
transgene post-transcriptional gene silencing (S-PTGS), in 
which a transgene-derived sense transcript recruits RNA-
dependent RNA polymerase 6 (RDR6) allowing the pro-
duction of dsRNA (Natsuume et al. 2014). As in all RNAi 
approaches, the dsRNA is processed by a Dicer-like enzyme 
(Bernstein et al. 2001) to form short interfering RNAs (siR-
NAs) 21–23 nt in length that assemble with members of the 
Argonaute (AGO) protein family to form an RNA-induced 
silencing complex (RISC) that can degrade matching 
mRNAs (Hammond et al. 2000).

To reduce PPO activity in the Arctic® apple, four con-
served Malus × domestica PPO gene families (PPO2, 
GPO3, APO5 and pSR7) were targeted using a single con-
catenated RNA, resulting in the silencing of all homologous 
genes in each family. The PPO suppressor transgene was 
expressed ubiquitously under the control of the cauliflower 
mosaic virus 35S (CaMV 35S) promoter (Carter 2012). The 
induction of RNAi reduced PPO activity in the mature fruit 
by 91% and 90% in the Golden Delicious and Granny Smith 
varieties, respectively (Carter 2012). The transgenic plants 
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also contain the selectable marker nptII used during selec-
tion and regeneration.

Del Monte Fresh Produce Company: Pinkglow™ 
pineapple (EF2‑114)

The transgenic Pinkglow pineapple (Ananas comosus) was 
developed by Del Monte as a means to introduce a brand-
defining distinct pink color based on a high carotenoid con-
tent, specifically the accumulation of lycopene at levels of 
up to 200 mg/g (Kim et al. 2015). Like the Arctic apple, 
it is a product of Agrobacterium-mediated transformation 
and is therefore classed as a GMO. The Pinkglow pineapple 
also features a flowering senescence trait that prevents the 
undesirable early flowering of pineapple plants (Thomas and 
Ebrahim 2003).

The pink flesh phenotype was achieved by introduc-
ing three transgenes to modify the carotenoid biosynthe-
sis pathway. The first committed step in the pathway was 
enhanced by overexpressing the tangerine (Citrus unshiu) 
phytoene synthase gene (Psy), thus providing the precur-
sors for lycopene synthesis. At the same time, the RNAi 
approach discussed above was used to suppress the expres-
sion of endogenous lycopene β-cyclase (bLyc) and lycopene 
ε-cyclase (eLyc), thus blocking the conversion of lycopene 
into downstream products such as β-carotene resulting in 
the accumulation of lycopene, a pink pigment (Thomas and 
Ebrahim 2003). Flowering senescence was achieved by sup-
pressing the meristem-specific endogenous ACC synthase 
gene using RNAi technology, thus blocking an early step in 
the production of ethylene. Unlike most other crops, pineap-
ple flower initiation is induced by ethylene, and suppressing 
ethylene synthesis can therefore avoid precocious flowering 
(Thomas and Ebrahim 2003).

Cornell University and University of Hawaii: SunUp/
Rainbow papaya (55‑1)

The SunUp and Rainbow varieties (CUH-CP551-8) of 
papaya (Carica papaya) were introduced in 1997 in Hawaii 
in an effort to reduce the impact of papaya ringspot virus, 
which was devastating the Hawaiian papaya industry (Tri-
pathi et  al. 2008). The resistant variety was created by 
introducing the papaya ringspot virus coat protein gene by 
particle bombardment, aiming to suppress virus replication 
using an approach known as pathogen-derived resistance 
(Fitch et al. 1992). Although the precise mechanism varies 
from case to case, pathogen-derived resistance may work in 
a similar manner to sense transgene RNAi as employed in 
the other two case studies and/or may involve direct effects 
caused by the excess coat protein (Kavanagh and Spillane 
1995). It is now known that resistance is through a mecha-
nism involving RNAi (Tennant et al. 2001). To obtain the 

virus-resistant plants, papaya cultivars Sunset and Kapoho 
were engineered with the coat protein gene (derived from 
the papaya ringspot virus HA 5-1 strain) and a resulting 
female line (55-1) with complete resistance was crossed with 
papaya cultivar Sunrise. The progeny were self-pollinated to 
generate homozygous lines of the variety SunUp (Ferreira 
et al. 2002). The SunUp variety was crossed with the cultivar 
Kapoho to produce the F1 hybrid Rainbow. The transgenic 
plants also contain the selectable marker nptII and the visual 
marker gusA—these are used during selection and regenera-
tion but do not play any role in the product.

Discussion

V.1 Alternative approaches for the Arctic apple

The low PPO activity in the Arctic apple could conceiv-
ably be achieved in principle using conventional breeding 
approaches, making it exempt from all forms of GMO regu-
lation, but the process would be long and laborious due to a 
large number of target genes. A close approximation could 
potentially be achieved by crossing an elite variety with a 
naturally occurring variety with minimal PPO expression 
such as the ‘Opal’ apple (Apples 2020). However, many 
rounds of back crossing and successive seedling screening 
would be needed to fix all PPO-related genes. Bottom line, 
if the goal is to take an apple variety that is already popular 
with consumers, and add just one trait to it, conventional 
breeding is not an option. Apple seeds can be exposed to 
physical or chemical mutagens at appropriate doses to 
induce multisite mutations, but this carries the risk of col-
lateral effects on genes affecting growth and fertility (Ferree 
and Warrington 2003). Transposon mutagenesis could be 
used as an alternative approach (Munoz-Lopez and Garcia-
Perez 2010). However, in all mutation-based methods, the 
major challenge is not the acquisition of mutations in PPO 
genes but the need to combine many different mutations in 
the same line to reduce overall PPO activity effectively (Han 
et al. 2017).

Polyploidy and interspecific hybridization are both pos-
sible in apple. For example, the Jonagold, Gravenstein and 
Roxbury Russet varieties are all triploid (3x = 51) and are 
occasionally used in breeding programs given their pro-
pensity to form larger fruit (Spengler 2019). The induction 
of polyploidy in apple can be achieved by exposing leaf 
explants to colchicine (Podwyszyńska et al. 2017). How-
ever, the problem is that polyploidy typically favors traits 
that require gene expression rather than suppression because 
it increases the number of gene copies in each cell and thus 
the amount of mRNA. Interspecific hybridization with wild 
Malus species has been used to select for disease resistance 
(Pereira-Lorenzo et al. 2018) and this approach could be 
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useful if a wild variety with minimal PPO activity were iden-
tified, but even then the introgression of alleles representing 
multiple loci would be a laborious process.

Inevitably, given the nature of the trait and the number of 
underlying genes, the only feasible alternative to transgene-
based RNAi is genome editing to inactivate the PPO genes 
directly. This approach is entirely feasible, especially using 
the CRISPR/Cas9 system which has proven effective for the 
simultaneous knockout of multiple members of the same 
gene family using a single conserved gRNA as well as mul-
tiple genes representing different gene families using two or 
more gRNAs (Armario Najera et al. 2019). This approach 
might also improve on the properties of the current Arctic 
apple varieties because the PPO genes would be completely 
inactivated rather than suppressed. Under current and pro-
posed regulatory frameworks, a genome-edited version of 
the Arctic apple would still be regulated in the US, at least to 
the point of needing a regulatory status review, because > 1 
gene would need to be edited. However, given the new 
USDA rules, if the same RNA construct were to be used to 
trigger RNAi in new events in other apple varieties, these 
would no longer be regulated.

Alternative approaches for the Pinkglow™ pineapple

Unlike the Arctic apple and no natural cultivar, the Pink-
glow pineapple is a transgenic variety that carries an over-
expressed foreign gene (Psy gene from tangerine Citrus 
unshiu) in addition to suppressing three endogenous genes 
by RNAi. Transgene overexpression can be impossible to 
replicate by conventional breeding if the transgene is from 
a species that cannot be hybridized with the breeding target, 
in this case pineapple. However, the Psy gene represents the 
first committed step of the carotenoid biosynthesis pathway 
which is present in some form in most plants, so it would 
not be inconceivable to find a pineapple variety that natu-
rally expresses the endogenous Psy gene at high levels in the 
fruit, as well as naturally featuring a low-level expression 
of b-Lyc and e-Lyc to allow the accumulation of lycopene. 
Lines with low levels of ACC synthase could similarly be 
identified to prevent precocious flowering. Although pineap-
ple is the only edible bromeliaceae and no cultivar is known 
with the required Pinkglow and/or senescence phenotypes, 
mutagenesis could be used to introduce such traits as it was 
previously implemented to reduce the number of spines (Joy 
and Anjana 2015). The recreation of the Pinkglow pineap-
ple by mutagenesis would be simpler in principle than the 
recreation of the Arctic apple because only four mutations 
would be required, although one of these would need to 
be a promoter mutation that triggered the upregulation of 
the endogenous Psy gene. In practice, however, it would 
be much more difficult due to the more laborious breeding 
process. Furthermore, pineapple is self-incompatible and 

most cultivars are diploid, with only a single triploid cultivar 
found in Brazil (Joy and Anjana 2015). Ploidy manipulation, 
therefore, cannot be used to recreate the Pinkglow pineapple, 
and interspecific hybridization is also an unsuitable approach 
because of the limited genetic diversity among compatible 
species.

As discussed for the Arctic apple, the only feasible pro-
cess to recreate the Pinkglow pineapple is CRISPR/Cas9 
genome editing, which could simultaneously knock out the 
bLyc, eLyc and acc genes (Li et al. 2018b). Given that RNAi 
is not 100% effective, the complete knockout of bLyc and 
eLyc might be sufficient to recreate the Pinkglow pineapple 
phenotype without overexpressing Psy because there would 
be no leaky expression of the corresponding enzymes and 
therefore a complete metabolic block after lycopene. Alter-
natively, genome editing could be used to strengthen the 
endogenous Psy promoter or knock-in a strong pineapple 
promoter upstream of the endogenous Psy gene, which in 
many jurisdictions would still allow the resulting line to 
be classified as natural rather than transgenic because no 
foreign DNA need be involved. Alternatively, there are 
now several genome editing strategies that can be used to 
introduce random mutations scanning along the sequences 
upstream of target genes in order to develop allelic series 
based on a range of promoter configurations, and such 
approaches could be used to develop variants with stronger 
Psy promoters (Yan et al. 2016; Rodríguez-Leal et al. 2017).

Alternative approaches for the SunUp/Rainbow 
papaya

It is likely that papaya ringspot virus-resistant papaya varie-
ties could be generated by conventional breeding given the 
documented existence of resistance genes in the papaya gene 
pool, but the genes identified thus far are QTLs that confer 
partial resistance or tolerance, and it would be difficult to 
replicate the complete and durable resistance achieved by 
expressing the viral coat protein gene (Yu et al. 2009; Gon-
salves et al. 2008) or using replicase genes to the same effect 
(Kung et al. 2012; Brunetti et al. 2001; Ehrenfeld et al. 2004; 
Hashmi et al. 2011; Vadlamudi et al. 2020) The time and 
effort needed to achieve resistance, even if additional genetic 
diversity was introduced by mutagenesis, would not make 
this approach economically feasible (Teixeira et al. 2007). 
Polyploidy can be induced in papaya, although this approach 
has not yet been used in breeding programs (Clarindo et al. 
2008). Furthermore, related species such as C. pubescens, 
C. stipulata and C. quercifolia possess compete for resist-
ance to papaya ringspot virus, but again the time and effort 
required for hybridization and backcrossing to introgress the 
corresponding traits into elite papaya lines would be dif-
ficult to justify (Azad et al. 2014). Resistant papaya lines 
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have already been produced by intergeneric hybridization 
(C. papaya × C. pubescens) but only female individuals were 
recovered (O’Brien and Drew 2009).

In the case of SunUp/Rainbow papaya, genome editing 
does not provide a shortcut to the recreation of the variety 
with a lower regulatory burden. Although genome editing 
may, in time, be used to inactivate multiple loci that confer 
susceptibility to papaya ringspot virus, the use of genome 
editing to introduce the virus coat protein gene does not 
provide any advantage over the standard transgene deliv-
ery method except that it would be possible to preselect the 
transgene integration site and, potentially, avoid the use of 
a selectable marker (after segregation). Due to the presence 
of a foreign gene in the papaya genome, the SunUp/Rain-
bow variety would continue to be classed as a GMO in all 
jurisdictions. However, in the US, a new papaya made with 
a coat protein gene that triggers silencing would no longer 
be regulated by the USDA, but the EPA would still regulate 
it as a pesticide.

Conclusions

We have discussed the different breeding technologies that 
can be used to improve fruit crops and how these technolo-
gies fit within the regulatory frameworks that cover dif-
ferent parts of the world. Although these frameworks may 
be based on either the product (USA/Canada “substantial 
equivalence” model) or the process (EU “precautionary 
principle” model), even the process-based regulations gen-
erally make a distinction between genome-edited varieties 
that replicate natural mutations and those incorporating 
foreign genetic material, the EU being the exception. The 
dogmatic position of the EU, adopting a stance against 
the rest of the world and apparently also against common 
sense, will make international trade more difficult in the 
future as genome-edited crops become more prevalent. For 
two of the three case studies we examined, genome editing 
could accurately replicate the phenotype generated in these 
transgenic plants but would avoid the introduction of any 
foreign DNA. Furthermore, if we take the pertinent exam-
ple of DNA-free genome editing using ribonucleoprotein 
particles, it is clear from a scientific perspective that the 
mutagen, in this case the Cas9 ribonucleoprotein, is no dif-
ferent than a burst of gamma rays or a dose of EMS, in that 
it is transiently active in the plant cells and is not inher-
ited. However, it is very different in that it can be used to 
mutate one gene in a specific manner, in contrast to gamma 
rays and EMS, which are scattergun approaches requir-
ing the generation of large mutant populations to identify 
rare desirable events. The EU position is that bombard-
ing seeds with gamma rays and hoping for the best is a 
superior approach to creating a precision genetic change 

with a molecular scalpel. Similarly, it is absurd that tech-
niques such as interspecific hybridization, which mix all 
the genes from one plant with all the genes from another, 
effectively creating the ‘ultimate transgenic plant’, should 
be regarded as somehow more natural than the precise 
introduction of a single gene from a resistant wild species 
into a related crop variety using a clean genome editing 
approach that leaves no other genetic footprints. One must 
also pay attention to the relative time investment required 
to develop new varieties especially given the pressures of 
a changing socio-economic and climate landscape. It is 
time to reconsider some of the regulatory practices that 
have blocked timely development of cultivars. The case 
studies show that replacing transgenic varieties with gene-
edited alternatives would satisfy the regulatory agencies 
in most jurisdictions at least under certain conditions (e.g. 
in the US if only one edit is involved and the plant has not 
been modified for pest or disease resistance) but not the 
EU, which continues to enact its legislation with regard 
to political expediency and activism rather than rigorous 
scientific evidence.

Acknowledgements  The authors would like to acknowledge fund-
ing from MINECO, Spain (PGC2018-097655-B-I00 to P Christou; 
AGL2017-85377-R to T. Capell), Generalitat de Catalunya Grant 2017 
SGR 828 to the Agricultural Biotechnology and Bioeconomy Unit 
(ABBU). Work in the Dhingra lab in the area of crop improvement is 
supported in part by Washington State University Agriculture Research 
Center Hatch grant WNP00011. ES and FR acknowledge the support 
received from the Department of Horticulture, Washington State Uni-
versity. The authors would also like to thank Drs A. McHughen and 
H. Quemada for input and clarifications on US genome editing regula-
tions. We would also like to thank an anonymous reviewer for his/her 
insightful comments.

Author contribution  PC and AD conceived the original idea. DA and 
PC-B contributed substantially to the design of the review. DA, PC-B, 
ES, and FR drafted the manuscript and developed the figures; DA, 
PC-B, ES, FR, TC, AD, and PC edited and approved the version.

Compliance with ethical standards 

Conflict of interest  The authors declare that there is no conflict of in-
terest.

References

Abbott RJ (1992) Plant invasions. Interspec Hybrid Evol New Plant 
Taxa 7:401–405

Acosta L (2014) Restrictions on genetically modified organisms: 
United States. In: Law Libr. Congr.

Ahmad T (2014) Restrictions on genetically modified organisms: Can-
ada | Law Library of Congress. https​://www.loc.gov/law/help/
restr​ictio​ns-on-gmos/canad​a.php. Accessed 16 Aug 2020

Ammann K (2014) Genomic misconception: a fresh look at the 
biosafety of transgenic and conventional crops. A plea for a 

https://www.loc.gov/law/help/restrictions-on-gmos/canada.php
https://www.loc.gov/law/help/restrictions-on-gmos/canada.php


927Plant Cell Reports (2021) 40:915–930	

1 3

process agnostic regulation. N Biotechnol 31:1–17. https​://doi.
org/10.1016/j.nbt.2013.04.008

Apples O (2020) Opal apple. In: www.opala​pples​.com
Armario Najera V, Twyman RM, Christou P, Zhu C (2019) Appli-

cations of multiplex genome editing in higher plants. Curr 
Opin Biotechnol 59:93–102. https​://doi.org/10.1016/j.copbi​
o.2019.02.015

Azad MAK, Amin L, Sidik NM (2014) Gene technology for papaya 
ringspot virus disease management. Sci World J. https​://doi.
org/10.1155/2014/76803​8

Barquist L, Mayho M, Cummins C, Cain AK, Boinett CJ, Page AJ, 
Langridge GC, Quail MA et  al (2016) The TraDIS toolkit: 
sequencing and analysis for dense transposon mutant libraries. 
Bioinformatics 32:1109–1111. https​://doi.org/10.1093/bioin​
forma​tics/btw02​2

Baysal C, Bortesi L, Zhu C, Farré G, Schillberg S, Christou P (2016) 
CRISPR/Cas9 activity in the rice OsBEIIb gene does not induce 
off-target effects in the closely related paralog OsBEIIa. Mol 
Breed 36:1–11. https​://doi.org/10.1007/s1103​2-016-0533-4

Bernstein E, Caudy AA, Hammond SM, Hannon GJ (2001) Role for a 
bidentate ribonuclease in the initiation step of RNA interference. 
Nature 409:363–366. https​://doi.org/10.1038/35053​110

Binti A, Aswandy K, Rawaidah N, Rodrigues KF, Eng CB (2015) 
Evaluation of the mutagenic effect of ethyl methanesulfonate on 
hexokinase nuclear DNA locus of Solanum lycopersicum. https://
doi.org/https​://doi.org/10.15242​/iicbe​.c0815​048

Bortesi L, Zhu C, Zischewski J, Perez L, Bassié L, Nadi R, Forni G, 
Lade SB et al (2016) Patterns of CRISPR/Cas9 activity in plants, 
animals and microbes. Plant Biotechnol J 14:2203–2216. https​://
doi.org/10.1111/pbi.12634​

Bouis HE (2002) Plant breeding: a new tool for fighting micronutri-
ent malnutrition. J Nutr 132:491S-494S. https​://doi.org/10.1093/
jn/132.3.491s

Brachi B, Morris GP, Borevitz JO (2011) Genome-wide association 
studies in plants: the missing heritability is in the field. Genome 
Biol 12:232

Brooks J (2012) Consumer feedback: the world is ready for Arctic® 
apples. In: Okanogan Spec. Fruits

Brooks J (2013) Apple industry leaders can’t wait for Arctic® apples. 
In: Okanogan Spec. Fruits

Brooks J (2016) Shopper’s feedback: Arctic® apples’ most convincing 
benefits. In: Okanogan Spec. Fruits

Brunetti A, Tavazza R, Noris E, Lucioli A, Accotto GP, Tavazza M 
(2001) Transgenically expressed T-Rep of tomato yellow leaf 
curl sardinia virus acts as a. J Virol 75:10573–10581. https​://doi.
org/10.1128/JVI.75.22.10573​

Carroll D (2011) Genome engineering with zinc-finger nucle-
ases. Genetics 188:773–782. https​://doi.org/10.1534/genet​
ics.111.13143​3

Carter N (2012) Petition for determination of nonregulated status: Arc-
ticTM Apple (Malus x domestica) Events GD743 and GS784. 
USDA 1–192

Chaudary J, Alisha A, Bhatt V, Chandanshive S, Kumar N, Mir Z, 
Kumar A, Yadav SK et al (2019) Mutation breeding in tomato: 
advances. Appl Chall Plants 8:128

Clarindo WR, De Carvalho CR, Araújo FS, De Abreu IS, Otoni 
WC (2008) Recovering polyploid papaya in vitro regenerants 
as screened by flow cytometry. Plant Cell Tissue Organ Cult 
92:207–214. https​://doi.org/10.1007/s1124​0-007-9325-1

Cooley MB, Goldsbrough AP, Still DW, Yoder JI (1996) Site-selected 
insertional mutagenesis of tomato with maize Ac and Ds ele-
ments. Mol Gen Genet 252:184–194. https​://doi.org/10.1007/
s0043​89670​021

Cornille A, Giraud T, Smulders MJM, Roldán-Ruiz I, Gladieux P 
(2014) The domestication and evolutionary ecology of apples. 
Trends Genet 30:57–65. https​://doi.org/10.1016/j.tig.2013.10.002

Crosby JA, Janick J, Pecknold PC, Korban SS, O’Connor PA, Ries 
SM, Goffreda J, Voordeckers A (1992) Breeding apples for scab 
resistance: 1945 â“ 1990. Acta horticulturae. International Soci-
ety for Horticultural Science (ISHS), Leuven, pp 43–70

de Toledo Thomazella DP, Brail Q, Dahlbeck D, Staskawicz B (2016) 
CRISPR-Cas9 mediated mutagenesis of a DMR6 ortholog in 
tomato confers broad-spectrum disease resistance. https​://doi.
org/10.1101/06482​4

Ehrenfeld N, Romano E, Serrano C, Arce-Johnson P (2004) Repli-
case mediated resistance against Potato Leafroll Virus in potato 
Desirée plants. Biol Res 37:71–82. https​://doi.org/10.4067/S0716​
-97602​00400​01000​08

Elo A, Lemmetyinen J, Novak A, Keinonen K, Porali I, Hassinen M, 
Sopanen T (2007) {BpMADS}4 has a central role in inflores-
cence initiation in silver birch (Betula pendula). Physiol Plant 
131:149–158. https​://doi.org/10.1111/j.1399-3054.2007.00947​.x

Entine J, Eriksson D, Felipe MS, Groenewald J-H, Kershen DL, Lema 
M, McHughen A, Nepomuceno AL et al Regulatory approaches 
for genome edited agricultural plants in select countries and 
jurisdictions around the world. Transgen Res (in press)

FAO (2020) Food safety and quality: food regulations
Farre G, Twyman RM, Zhu C, Capell T, Christou P (2011) Nutrition-

ally enhanced crops and food security: scientific achievements 
versus political expediency. Curr Opin Biotechnol 22:245–251. 
https​://doi.org/10.1016/j.copbi​o.2010.11.002

FDA (2018) Biotechnology Consultations on Food from GE Plant Vari-
eties. https​://www.cfsan​appse​xtern​al.fda.gov/scrip​ts/fdcc/index​
.cfm?set=NewPl​antVa​riety​Consu​ltati​ons. Accessed 25 Oct 2020

Feng S, Zhang J, Mu Z, Wang Y, Wen C, Wu T, Yu C, Li Z et al 
(2020) Recent progress on the molecular breeding of Cucumis 
sativus L. in China. Theor Appl Genet 133:1777–1790. https​://
doi.org/10.1007/s0012​2-019-03484​-0

Ferree DC, Warrington IJ (2003) Apples: botany, production, and uses. 
CABI

Ferreira SA, Pitz KY, Manshardt R, Fitch M, Gonsalves D (2002) 
Virus coat protein transgenic papaya provides practical control 
of Papaya ringspot virus in Hawaii. Plant Dis 86:101–105. https​
://doi.org/10.1094/PDIS.2002.86.2.101

Fitch MMM, Manshardt RM, Gonsalves D, Slightom JL, Sanford 
JC (1992) Virus resistant papaya plants derived from tissues 
bombarded with the coat protein gene of papaya ringspot virus. 
Bio/Technology 10:1466–1472. https​://doi.org/10.1038/nbt11​
92-1466

Flachowsky H, Peil A, Sopanen T, Elo A, Hanke V (2007) Over-
expression of BpMADS4 from silver birch (Betula pendula 
Roth.) induces early-flowering in apple (Malus × domestica 
Borkh.). Plant Breed 126:137–145. https​://doi.org/10.111
1/j.1439-0523.2007.01344​.x

Gasser CS, Fraley RT (1989) Genetically engineering plants for crop 
improvement genetically. Science (80-) 244:1293–1299

Ghogare R, Williamson-Benavides B, Ramírez-Torres F, Dhingra A 
(2020) CRISPR-associated nucleases: the Dawn of a new age of 
efficient crop improvement. Transgenic Res 29:1–35

Gonsalves D (2006) Transgenic Papaya: development, release, 
impact and challenges. Adv Virus Res 67:317–354. https​://doi.
org/10.1016/S0065​-3527(06)67009​-7

Gonsalves D, Suzuki JY, Tripathi S, Ferreira SA (2008) Papaya rings-
pot virus. Encycl Virol. https​://doi.org/10.1016/B978-01237​
4410-4.00731​-7

Guzman D, Dhingra A (2019) Challenges and opportunities in pear 
breeding. In: Lang G (ed) Achieving sustainable cultivation of 

https://doi.org/10.1016/j.nbt.2013.04.008
https://doi.org/10.1016/j.nbt.2013.04.008
http://www.opalapples.com
https://doi.org/10.1016/j.copbio.2019.02.015
https://doi.org/10.1016/j.copbio.2019.02.015
https://doi.org/10.1155/2014/768038
https://doi.org/10.1155/2014/768038
https://doi.org/10.1093/bioinformatics/btw022
https://doi.org/10.1093/bioinformatics/btw022
https://doi.org/10.1007/s11032-016-0533-4
https://doi.org/10.1038/35053110
https://doi.org/10.15242/iicbe.c0815048
https://doi.org/10.1111/pbi.12634
https://doi.org/10.1111/pbi.12634
https://doi.org/10.1093/jn/132.3.491s
https://doi.org/10.1093/jn/132.3.491s
https://doi.org/10.1128/JVI.75.22.10573
https://doi.org/10.1128/JVI.75.22.10573
https://doi.org/10.1534/genetics.111.131433
https://doi.org/10.1534/genetics.111.131433
https://doi.org/10.1007/s11240-007-9325-1
https://doi.org/10.1007/s004389670021
https://doi.org/10.1007/s004389670021
https://doi.org/10.1016/j.tig.2013.10.002
https://doi.org/10.1101/064824
https://doi.org/10.1101/064824
https://doi.org/10.4067/S0716-97602004000100008
https://doi.org/10.4067/S0716-97602004000100008
https://doi.org/10.1111/j.1399-3054.2007.00947.x
https://doi.org/10.1016/j.copbio.2010.11.002
https://www.cfsanappsexternal.fda.gov/scripts/fdcc/index.cfm?set=NewPlantVarietyConsultations
https://www.cfsanappsexternal.fda.gov/scripts/fdcc/index.cfm?set=NewPlantVarietyConsultations
https://doi.org/10.1007/s00122-019-03484-0
https://doi.org/10.1007/s00122-019-03484-0
https://doi.org/10.1094/PDIS.2002.86.2.101
https://doi.org/10.1094/PDIS.2002.86.2.101
https://doi.org/10.1038/nbt1192-1466
https://doi.org/10.1038/nbt1192-1466
https://doi.org/10.1111/j.1439-0523.2007.01344.x
https://doi.org/10.1111/j.1439-0523.2007.01344.x
https://doi.org/10.1016/S0065-3527(06)67009-7
https://doi.org/10.1016/S0065-3527(06)67009-7
https://doi.org/10.1016/B978-012374410-4.00731-7
https://doi.org/10.1016/B978-012374410-4.00731-7


928	 Plant Cell Reports (2021) 40:915–930

1 3

temperate zone tree fruits and berries. Burleigh Dodd Science 
Publishing Limited, Cambridge

Hammond SM, Bernstein E, Beach D, Hannon GJ (2000) An {RNA}-
directed nuclease mediates post-transcriptional gene silenc-
ing in Drosophila cells. Nature 404:293–296. https​://doi.
org/10.1038/35005​107

Han M, Sun Q, Zhou J, Qiu H, Guo J, Lu L, Mu W, Sun J (2017) Inser-
tion of a solo LTR retrotransposon associates with spur mutations 
in ‘Red Delicious’ apple (Malus × domestica). Plant Cell Rep 
36:1375–1385. https​://doi.org/10.1007/s0029​9-017-2160-x

Hartung F, Schiemann J (2014) Precise plant breeding using new 
genome editing techniques: opportunities, safety and regulation 
in the EU. Plant J 78:742–752. https​://doi.org/10.1111/tpj.12413​

Hashmi JA, Zafar Y, Arshad M, Mansoor S, Asad S (2011) Engineer-
ing cotton (Gossypium hirsutum L.) for resistance to cotton leaf 
curl disease using viral truncated AC1 DNA sequences. Virus 
Genes 42:286–296. https​://doi.org/10.1007/s1126​2-011-0569-9

Hough L, Shay J, Dayton D (1953) Apple scab resistance from Malus 
floribunda Sieb. Proc Am Soc Hort Sci 63:341–347

Hu B, Li D, Liu X, Qi J, Gao D, Zhao S, Huang S, Sun J et al (2017) 
Engineering non-transgenic gynoecious cucumber using an 
improved transformation protocol and optimized CRISPR/Cas9 
system. Mol Plant 10:1575–1578. https​://doi.org/10.1016/j.
molp.2017.09.005

Igarashi M, Hatsuyama Y, Harada T, Fukasawa-Akada T (2016) Bio-
technology and apple breeding in Japan. Breed Sci 66:18–33. 
https​://doi.org/10.1270/jsbbs​.66.18

International Atomic Energy Agency (2001) In Vitro Techniques for 
Selection of Radiation Induced Mutations Adapted to Adverse 
Environmental Conditions. IAEA-TECDOC-1227, IAEA, 
Vienna

Iwata H, Minamikawa MF, Kajiya-Kanegae H, Ishimori M, Hayashi 
T (2016) Genomics-assisted breeding in fruit trees. Breed Sci 
66:100–115. https​://doi.org/10.1270/jsbbs​.66.100

Janick, Jules (Department of Horticulture PU (1998) 490_1.Pdf. 
Proc. Int. Symp. Banan. Subtrop. Acta Hort. 490 39–45

Jansing J, Schiermeyer A, Schillberg S, Fischer R, Bortesi L (2019) 
Genome editing in agriculture: technical and practical consid-
erations. Int J Mol Sci 20:2888. https​://doi.org/10.3390/ijms2​
01228​88

Jhansi Rani S, Usha R (2013) Transgenic plants: types, benefits, 
public concerns and future. file///Z/writing/Review genome 
Ed Ornamental/Khan2017_Article_UseOfTALEsAndTAL-
ENTechnologyFo.pdf 6:879–883. https://doi.org/https​://doi.
org/10.1016/j.jopr.2013.08.008

Joy PP, Anjana R (2015) Evolution of pineapple
Kaiser N, Douches D, Dhingra A, Glenn KC, Herzig PR, Stowe EC, 

Swarup S (2020) The role of conventional plant breeding in 
ensuring safe levels of naturally occurring toxins in food crops. 
Trends Food Sci Technol 100:51–66. https​://doi.org/10.1016/j.
tifs.2020.03.042

Kavanagh TA, Spillane C (1995) Strategies for engineering virus 
resistance in transgenic plants. Euphytica 85:149–158. https​
://doi.org/10.1007/978-94-011-0357-2_19

Khan Z, Khan SH, Mubarik MS, Sadia B, Ahmad A (2017) Use of 
TALEs and TALEN technology for genetic improvement of 
plants. Plant Mol Biol Rep 35:1–19. https​://doi.org/10.1007/
s1110​5-016-0997-8

Kim H, Kim S-T, Kim S-G, Kim J-S (2015) Targeted genome edit-
ing for crop improvement. Plant Breed Biotechnol 3:283–290. 
https​://doi.org/10.9787/pbb.2015.3.4.283

Kodym A, Afza R (2003) Physical and chemical mutagenesis. Meth-
ods Mol Biol 236:189–204. https​://doi.org/10.1385/1-59259​
-413-1:189

Kohli A, Christou P (2008) Stable transgenes bear fruit. Nat Biotech-
nol 26:653–654. https​://doi.org/10.1038/nbt06​08-653

Kumawat S, Rana N, Bansal R, Vishwakarma G, Mehetre ST, Das 
BK, Kumar M, Kumar Yadav S et al (2019) Expanding avenue 
of fast neutron mediated mutagenesis for crop improvement. 
Plants 8:1–16. https​://doi.org/10.3390/plant​s8060​164

Kung YJ, Lin SS, Huang YL, Chen TC, Harish SS, Chua NH, 
Yeh SD (2012) Multiple artificial microRNAs targeting 
conserved motifs of the replicase gene confer robust trans-
genic resistance to negative-sense single-stranded RNA plant 
virus. Mol Plant Pathol 13:303–317. https​://doi.org/10.111
1/j.1364-3703.2011.00747​.x

Lamo K, Ji Bhat D, Kour K, Singh Solanki SP (2017) Mutation 
studies in fruit crops: a review. Int J Curr Microbiol Appl Sci 
6:3620–3633. https://doi.org/https​://doi.org/10.20546​/ijcma​
s.2017.612.418

Lande R, Thompson R (1990) Efficiency of marker-assisted selection 
in the improvement of quantitative traits. Genetics 124:743–756

Lapins K (1983) Mutation breeding. In: Moore JN, Janick J (eds) Meth-
ods in fruit breeding. Purdue University Press, West Lafayette, 
pp 74–99

Lemmon ZH, Reem NT, Dalrymple J, Soyk S, Swartwood KE, Rodri-
guez-Leal D, Van Eck J, Lippman ZB (2018) Rapid improvement 
of domestication traits in an orphan crop by genome editing. Nat 
Plants 4:766–770. https​://doi.org/10.1038/s4147​7-018-0259-x

Lewis D (2017) The First Non-Browning GMO Apples Slated to Hit 
Shelves Next Month | Smart News | Smithsonian Magazine. In: 
Smithsonianmag.com

Li T, Yang X, Yu Y, Si X, Zhai X, Zhang H, Dong W, Gao C et al 
(2018a) Domestication of wild tomato is accelerated by genome 
editing. Nat Biotechnol. https​://doi.org/10.1038/nbt.4273

Li X, Wang Y, Chen S, Tian H, Fu D, Zhu B, Luo Y, Zhu H (2018b) 
Lycopene is enriched in tomato fruit by CRISPR/Cas9-mediated 
multiplex genome editing. Front Plant Sci 9:1–12. https​://doi.
org/10.3389/fpls.2018.00559​

Lokko Y, Amoatey H. (2001). Improvement of pineapple using 
in  vitro and mutation breeding techniques (IAEA-TEC-
DOC–1227). International Atomic Energy Agency (IAEA).

Macovei A, Sevilla NR, Cantos C, Jonson GB, Slamet-Loedin I, 
Čermák T, Voytas DF, Choi I-R et al (2018) Novel alleles of rice 
eIF4G generated by CRISPR/Cas9-targeted mutagenesis con-
fer resistance to Rice tungro spherical virus. Plant Biotechnol J 
16:1918–1927. https​://doi.org/10.1111/pbi.12927​

Masip G, Sabalza M, Pérez-Massot E, Banakar R, Cebrian D, Twyman 
RM, Capell T, Albajes R et al (2013) Paradoxical EU agricul-
tural policies on genetically engineered crops. Trends Plant Sci 
18:312–324. https​://doi.org/10.1016/j.tplan​ts.2013.03.004

Mayer SJ (2009) The regulation of genetically modified food. Fund 
Biotechnol 1–6

Mba C, Afza R, Bado S, Jain SM (2010) Induced mutagenesis in plants 
using physical and chemical agents. Plant Cell Cult Essent Meth-
ods. https​://doi.org/10.1002/97804​70686​522.ch7

McHughen A (2001) You say tomato. In: Nature Publishing Group. 
p 909

Mikulic-Petkovsek M, Ivancic A, Schmitzer V, Veberic R, Stampar F 
(2016) Comparison of major taste compounds and antioxidative 
properties of fruits and flowers of different Sambucus species 
and interspecific hybrids. Food Chem 200:134–140. https​://doi.
org/10.1016/j.foodc​hem.2016.01.044

Monsur MB, Shao G, Lv Y, Ahmad S, Wei X, Hu P, Tang S (2020) 
Base editing: The ever expanding clustered regularly interspaced 
short palindromic repeats (CRISPR) tool kit for precise genome 
editing in plants. Genes (Basel) 11:466. https​://doi.org/10.3390/
genes​11040​466

Moose SP, Mumm RH (2008) Molecular plant breeding as the founda-
tion for 21st century crop improvement. Plant Physiol 147:969–
977. https​://doi.org/10.1104/pp.108.11823​2

https://doi.org/10.1038/35005107
https://doi.org/10.1038/35005107
https://doi.org/10.1007/s00299-017-2160-x
https://doi.org/10.1111/tpj.12413
https://doi.org/10.1007/s11262-011-0569-9
https://doi.org/10.1016/j.molp.2017.09.005
https://doi.org/10.1016/j.molp.2017.09.005
https://doi.org/10.1270/jsbbs.66.18
https://doi.org/10.1270/jsbbs.66.100
https://doi.org/10.3390/ijms20122888
https://doi.org/10.3390/ijms20122888
https://doi.org/10.1016/j.jopr.2013.08.008
https://doi.org/10.1016/j.jopr.2013.08.008
https://doi.org/10.1016/j.tifs.2020.03.042
https://doi.org/10.1016/j.tifs.2020.03.042
https://doi.org/10.1007/978-94-011-0357-2_19
https://doi.org/10.1007/978-94-011-0357-2_19
https://doi.org/10.1007/s11105-016-0997-8
https://doi.org/10.1007/s11105-016-0997-8
https://doi.org/10.9787/pbb.2015.3.4.283
https://doi.org/10.1385/1-59259-413-1:189
https://doi.org/10.1385/1-59259-413-1:189
https://doi.org/10.1038/nbt0608-653
https://doi.org/10.3390/plants8060164
https://doi.org/10.1111/j.1364-3703.2011.00747.x
https://doi.org/10.1111/j.1364-3703.2011.00747.x
https://doi.org/10.20546/ijcmas.2017.612.418
https://doi.org/10.20546/ijcmas.2017.612.418
https://doi.org/10.1038/s41477-018-0259-x
https://doi.org/10.1038/nbt.4273
https://doi.org/10.3389/fpls.2018.00559
https://doi.org/10.3389/fpls.2018.00559
https://doi.org/10.1111/pbi.12927
https://doi.org/10.1016/j.tplants.2013.03.004
https://doi.org/10.1002/9780470686522.ch7
https://doi.org/10.1016/j.foodchem.2016.01.044
https://doi.org/10.1016/j.foodchem.2016.01.044
https://doi.org/10.3390/genes11040466
https://doi.org/10.3390/genes11040466
https://doi.org/10.1104/pp.108.118232


929Plant Cell Reports (2021) 40:915–930	

1 3

Moreno-González J, Cubero JI (1993) Selection strategies and choice 
of breeding methods. In: Hayward MD, Bosemark NO, Roma-
gosa I, Cerezo M (eds) Plant breeding. Plant Breeding Series. 
Springer, Dordrecht, NL, pp 281–313. https://doi.org/https​://doi.
org/10.1007/978-94-011-1524-7_19

Munoz-Lopez M, Garcia-Perez J (2010) DNA transposons: nature and 
applications in genomics. Curr Genom 11:115–128. https​://doi.
org/10.2174/13892​02107​90886​871

NASEM (2016) Genetically engineered crops
Natsuume M-R, Matsumoto M, Hanaoka T, Imai M (2014) Sense 

transgene-induced post-transcriptional gene silencing in tobacco 
compromises the splicing of endogenous counterpart genes. 
PLoS ONE 9:87869. https​://doi.org/10.1371/journ​al.pone.00878​
69

Notsuka K, Tsuru T, Shiraishi M (2000) Induced polyploid grapes via 
in vitro chromosome doubling. Jpn Soc Hortic Sci 69:543–551

Novak FJ (1990) Mutation induction by gamma irradiation of in vitro 
culture shoot-tips of banana and plantain (Musa spp.). Trop 
Agric 21–28

O’Brien CM, Drew RA (2009) Potential for using Vasconcellea parvi-
flora as a bridging species in intergeneric hybridisation between 
V. pubescens and Carica papaya. Aust J Bot 57:592–601. https​
://doi.org/10.1071/BT091​11

Office of the Gene Technology Regulator Genetically modified (GM) 
crops in Australia. http://www.ogtr.gov.au/inter​net/ogtr/publi​
shing​.nsf/conte​nt/9AA09​BB451​5EBAA​2CA25​7D6B0​0155C​
53/$File/11-Genet​icall​ymodi​fied(GM)crops​inAus​trali​a.pdf. 
Accessed 3 Aug 2020

Ohgawara T, Kobayashi S, Ishii S, Yoshinaga K, Oiyama I (1991) Fer-
tile fruit trees obtained by somatic hybridization: navel orange 
(Citrus sinensis) and Troyer citrange (C. sinensis × Poncirus tri-
foliata). Theor Appl Genet 81:141–143. https​://doi.org/10.1007/
BF002​15714​

Omura M, Shimada T (2016) Citrus breeding, genetics and genomics 
in Japan. Breed Sci 66:3–17. https​://doi.org/10.1270/jsbbs​.66.3

Peer R, Rivlin G, Golobovitch S, Lapidot M, Gal-On A, Vainstein A, 
Tzfira T, Flaishman MA (2015) Targeted mutagenesis using zinc-
finger nucleases in perennial fruit trees. Planta 241:941–951. 
https​://doi.org/10.1007/s0042​5-014-2224-x

Pereira-Lorenzo S, Fischer M, Ramos-Cabrer AM, Castro I (2018) 
Apple (Malus spp.) breeding: present and future. In: Advances in 
plant breeding strategies: fruits. Springer International Publish-
ing, Cham, pp 3–29

Pérez L, Soto E, Farré G, Juanos J, Villorbina G, Bassie L, Medina 
V, Serrato AJ et al (2019) CRISPR/Cas9 mutations in the rice 
Waxy/GBSSI gene induce allele-specific and zygosity-dependent 
feedback effects on endosperm starch biosynthesis. Plant Cell 
Rep 38:417–433. https​://doi.org/10.1007/s0029​9-019-02388​-z

Pérez-Massot E, Banakar R, Gómez-Galera S, Zorrilla-López U, Sana-
huja G, Arjó G, Miralpeix B, Vamvaka E et al (2013) The con-
tribution of transgenic plants to better health through improved 
nutrition: opportunities and constraints. Genes Nutr 8:29–41. 
https​://doi.org/10.1007/s1226​3-012-0315-5

Podwyszyńska M, Sowik I, Machlańska A, Kruczyńska D, Dyki B 
(2017) In vitro tetraploid induction of Malus × domestica Borkh. 
using leaf or shoot explants. Sci Hortic (Amsterdam) 226:379–
388. https​://doi.org/10.1016/j.scien​ta.2017.08.042

Predieri S (2001) Mutation induction and tissue culture in improv-
ing fruits. Plant Cell Tissue Organ Cult 64:185–210. https​://doi.
org/10.1023/A:10106​23203​554

Quispe-Huamanquispe DG, Gheysen G, Kreuze JF (2017) Horizontal 
gene transfer contributes to plant evolution: the case of agrobac-
terium T-DNAs. Front Plant Sci 8:2015. https​://doi.org/10.3389/
fpls.2017.02015​

Ramírez-Madera AO, Miller ND, Spalding EP, Weng Y, Havey MJ 
(2017) Spontaneous polyploidization in cucumber. Theor 

Appl Genet 130:1481–1490. https​://doi.org/10.1007/s0012​
2-017-2903-7

Ramsey J, Schemske DW (1998) Pathways, mechanisms, and rates of 
polyploid formation in flowering plants. Annu Rev Ecol Syst 
29:467–501. https​://doi.org/10.1146/annur​ev.ecols​ys.29.1.467

Redenbaugh K, Hiatt W, Martincau B, Kramer M, Sanders R, Houck C, 
Emlay D (1992) Exported Abstract record(s) Safety assessment 
of genetically engineered fruits and vegetables: a case study of 
the FLAVR SAVRTM tomato. CRC Press, Boca Raton

Ricroch AE, Hénard-Damave MC (2016) Next biotech plants: new 
traits, crops, developers and technologies for addressing global 
challenges. Crit Rev Biotechnol 36:675–690. https​://doi.
org/10.3109/07388​551.2015.10045​21

Rodríguez-Leal D, Lemmon ZH, Man J, Bartlett ME, Lippman 
ZB (2017) Engineering quantitative trait variation for crop 
improvement by genome editing. Cell 171:470–480. https​://doi.
org/10.1016/j.cell.2017.08.030

Roldan MVG, Périlleux C, Morin H, Huerga-Fernandez S, Latrasse 
D, Benhamed M, Bendahmane A (2017) Natural and induced 
loss of function mutations in SlMBP21 MADS-box gene led 
to jointless-2 phenotype in tomato. Sci Rep 7:4402. https​://doi.
org/10.1038/s4159​8-017-04556​-1

Sabalza M, Miralpeix B, Twyman RM, Capell T, Christou P (2011) EU 
legitimizes GM crop exclusion zones. Nat Biotechnol 29:315–
317. https​://doi.org/10.1038/nbt.1840

Sánchez-León S, Gil-Humanes J, Ozuna CV, Giménez MJ, Sousa C, 
Voytas DF, Barro F (2018) Low-gluten, nontransgenic wheat 
engineered with CRISPR/Cas9. Plant Biotechnol J 16:902–910. 
https​://doi.org/10.1111/pbi.12837​

Schouten HJ, Krens FA, Jacobsen E (2006) Cisgenic plants are similar 
to traditionally bred plants: international regulations for geneti-
cally modified organisms should be altered to exempt cisgenesis. 
EMBO Rep 7:750–753

Scorza R, Callahan A, Ravelonandro M, Braverman M (2012) 
Development and regulation of the plum pox virus resistant 
transgenic plum `HoneySweet’. In: Wozniak CA, McHughen 
A (eds) Regulation of agricultural biotechnology: The United 
States and Canada. Springer Netherlands, Dordrecht, pp 
269–280

Semagn K, Bjørnstad Å, Ndjiondjop MN (2006) Progress and pros-
pects of marker assisted backcrossing as a tool in crop breed-
ing programs. Afr J Biotechnol 5:2588–2603. https​://doi.
org/10.5897/AJB20​06.000-5111

Shan Q, Zhang Y, Chen K, Zhang K, Gao C (2015) Creation of fra-
grant rice by targeted knockout of the OsBADH2 gene using 
TALEN technology. Plant Biotechnol J 13:791–800. https​://doi.
org/10.1111/pbi.12312​

Shukla VK, Doyon Y, Miller JC, Dekelver RC, Moehle EA, Worden 
SE, Mitchell JC, Arnold NL et al (2009) Precise genome modifi-
cation in the crop species Zea mays using zinc-finger nucleases. 
Nature 459:437–441. https​://doi.org/10.1038/natur​e0799​2

Sink KC, Jain RK, Chowdhury JB (1992) Somatic cell hybridiza-
tion. Somatic cell hybridization. In: Kalloo G, Chowdhury 
JB (eds) Distant hybridization of crop plants. Monographs on 
theoretical and applied genetics 16. Springer, Berlin, Heidel-
berg, pp 168–198. Exp Cell Res 70. https://doi.org/https​://doi.
org/10.1016/0014-4827(72)90136​-x

Spengler RN (2019) Origins of the apple: the role of megafaunal mutu-
alism in the domestication of Malus and rosaceous trees. Front 
Plant Sci 10:617

Sreedharan S, Shekhawat UKS, Ganapathi TR (2013) Transgenic 
banana plants overexpressing a native plasma membrane aqua-
porin MusaPIP1;2 display high tolerance levels to different 
abiotic stresses. Plant Biotechnol J 11:942–952. https​://doi.
org/10.1111/pbi.12086​

https://doi.org/10.1007/978-94-011-1524-7_19
https://doi.org/10.1007/978-94-011-1524-7_19
https://doi.org/10.2174/138920210790886871
https://doi.org/10.2174/138920210790886871
https://doi.org/10.1371/journal.pone.0087869
https://doi.org/10.1371/journal.pone.0087869
https://doi.org/10.1071/BT09111
https://doi.org/10.1071/BT09111
http://www.ogtr.gov.au/internet/ogtr/publishing.nsf/content/9AA09BB4515EBAA2CA257D6B00155C53/$File/11-Geneticallymodified(GM)cropsinAustralia.pdf
http://www.ogtr.gov.au/internet/ogtr/publishing.nsf/content/9AA09BB4515EBAA2CA257D6B00155C53/$File/11-Geneticallymodified(GM)cropsinAustralia.pdf
http://www.ogtr.gov.au/internet/ogtr/publishing.nsf/content/9AA09BB4515EBAA2CA257D6B00155C53/$File/11-Geneticallymodified(GM)cropsinAustralia.pdf
https://doi.org/10.1007/BF00215714
https://doi.org/10.1007/BF00215714
https://doi.org/10.1270/jsbbs.66.3
https://doi.org/10.1007/s00425-014-2224-x
https://doi.org/10.1007/s00299-019-02388-z
https://doi.org/10.1007/s12263-012-0315-5
https://doi.org/10.1016/j.scienta.2017.08.042
https://doi.org/10.1023/A:1010623203554
https://doi.org/10.1023/A:1010623203554
https://doi.org/10.3389/fpls.2017.02015
https://doi.org/10.3389/fpls.2017.02015
https://doi.org/10.1007/s00122-017-2903-7
https://doi.org/10.1007/s00122-017-2903-7
https://doi.org/10.1146/annurev.ecolsys.29.1.467
https://doi.org/10.3109/07388551.2015.1004521
https://doi.org/10.3109/07388551.2015.1004521
https://doi.org/10.1016/j.cell.2017.08.030
https://doi.org/10.1016/j.cell.2017.08.030
https://doi.org/10.1038/s41598-017-04556-1
https://doi.org/10.1038/s41598-017-04556-1
https://doi.org/10.1038/nbt.1840
https://doi.org/10.1111/pbi.12837
https://doi.org/10.5897/AJB2006.000-5111
https://doi.org/10.5897/AJB2006.000-5111
https://doi.org/10.1111/pbi.12312
https://doi.org/10.1111/pbi.12312
https://doi.org/10.1038/nature07992
https://doi.org/10.1016/0014-4827(72)90136-x
https://doi.org/10.1016/0014-4827(72)90136-x
https://doi.org/10.1111/pbi.12086
https://doi.org/10.1111/pbi.12086


930	 Plant Cell Reports (2021) 40:915–930

1 3

Stalker HT (1980) Utilization of wild species for crop improve-
ment. Adv Agron 33:111–147. https​://doi.org/10.1016/S0065​
-2113(08)60165​-0

Stowe E, Dhingra A (2021) Development of the Arctic® Apple. In: 
Plant breeding reviews. Wiley, Hoboken, pp 273–296

Tashkandi M, Ali Z, Aljedaani F, Shami A, Mahfouz MM (2018) Engi-
neering resistance against Tomato yellow leaf curl virus via the 
CRISPR/Cas9 system in tomato. Plant Signal Behav 13:1–7. 
https​://doi.org/10.1080/15592​324.2018.15259​96

Te Beest M, Le Roux JJ, Richardson DM, Brysting AK, Suda J, 
Kubešová M, Pyšek P (2012) The more the better? The role of 
polyploidy in facilitating plant invasions. Ann Bot 109:19–45. 
https​://doi.org/10.1093/aob/mcr27​7

Teixeira JA, Rashid Z, Tan D, Dharini N, Gera A, Teixeira M, Jr S, 
Tennant PF (2007) Papaya (Carica papaya L.) Biology and Bio-
technology. Africa (Lond)

Tennant P, Fermin G, Fitch MM, Manshardt RM, Slightom JL, Gon-
salves D (2001) Papaya ringspot virus resistance of transgenic 
rainbow and SunUp is affected by gene dosage, plant develop-
ment, and coat protein homology. Eur J Plant Pathol 107:645–
653. https​://doi.org/10.1023/A:10179​36226​557

Thomas H (1993) Chromosome manipulation and polyploidy. 
In: Hayward MD, Bosemark NO, Romagosa I, Cerezo 
M (eds) Plant breeding. Plant breeding series. Springer, 
Dordrecht, NL, pp 79–92. https://doi.org/https​://doi.
org/10.1007/978-94-011-1524-7_7

Thomas Y, Ebrahim F (2003) Transgenic pineapple plants with modi-
fied carotenoid levels and methods of their production

Tian S, Jiang L, Cui X, Zhang J, Guo S, Li M, Zhang H, Ren Y et al 
(2018) Engineering herbicide-resistant watermelon variety 
through CRISPR/Cas9-mediated base-editing. Plant Cell Rep 
37:1353–1356. https​://doi.org/10.1007/s0029​9-018-2299-0

Tripathi S, Suzuki JY, Ferreira SA, Gonsalves D (2008) Papaya rings-
pot virus-P: characteristics, pathogenicity, sequence variability 
and control. Mol Plant Pathol 9:269–280. https​://doi.org/10.111
1/j.1364-3703.2008.00467​.x

Twyman RM, Stoger E, Kohli A, Christou P (2002) Foreign DNA: 
integration and expression in transgenic plants. Genet Eng Princ 
Methods 24:107–108

USDA (2013) Foreign Agricultural Service, GAIN Report JA3027 
Japan Agricultural Biotechnology Annual Japan’s approval 
remains a key for commercial release of GM crops. Available at 
http://gain.fas.usda.gov/Recen​t%20GAI​N%20Pub​licat​ions/Agric​
ultur​al%20Bio​techn​ology​%20Ann​ual_Tokyo​_Japan​_8-27-2013.
pdf

Vadlamudi T, Patil BL, Kaldis A, Sai Gopal DVR, Mishra R, Berbati 
M, Voloudakis A (2020) DsRNA-mediated protection against 
two isolates of Papaya ringspot virus through topical application 
of dsRNA in papaya. J Virol Methods 275

Varkonyi-Gasic E, Wang T, Voogd C, Jeon S, Drummond RSM, Gleave 
AP, Allan AC (2019) Mutagenesis of kiwifruit CENTRORADI-
ALIS-like genes transforms a climbing woody perennial with 
long juvenility and axillary flowering into a compact plant with 
rapid terminal flowering. Plant Biotechnol J 17:869–880. https​
://doi.org/10.1111/pbi.13021​

Wang L, Zhang B, Li J, Yang X, Ren Z (2014) Ethyl methanesulfonate 
(EMS)-mediated mutagenesis of cucumber (Cucumis sativus L.). 
Agric Sci 05:716–721. https​://doi.org/10.4236/as.2014.58075​

Wang L, Chen L, Li R, Zhao R, Yang M, Sheng J, Shen L (2017) 
Reduced drought tolerance by CRISPR/Cas9-mediated 
SlMAPK3 mutagenesis in tomato plants. J Agric Food Chem 
65:8674–8682. https​://doi.org/10.1021/acs.jafc.7b027​45

Whelan AI, Lema MA (2015) Regulatory framework for gene edit-
ing and other new breeding techniques (NBTs) in Argentina. 
GM Crops Food 6:253–265. https​://doi.org/10.1080/21645​
698.2015.11146​98

Wu GA, Prochnik S, Jenkins J, Salse J, Hellsten U, Murat F, Perrier X, 
Ruiz M et al (2014) Sequencing of diverse mandarin, pummelo 
and orange genomes reveals complex history of admixture dur-
ing citrus domestication. Nat Biotechnol 32:656–662. https​://doi.
org/10.1038/nbt.2906

Xinrong Y, Jun H, Taolin Z, Qinghai W, Kangzhen Y (2018) Ministry 
of Agriculture and Rural Affairs (MARA) Vice Ministers and 
Other Senior Officials Qu Dongyu

Xu K (2013) An overview of arctic apples: basic facts and character-
istics. N Y State Hortic Soc 21:8–10

Yabor L, Pérez L, Gómez D, Villalobos-Olivera A, Mendoza JR, Mar-
tínez J, Escalante D, Garro G et al (2020) Histological evaluation 
of pineapple transgenic plants following 8 years of field growth. 
Euphytica. https​://doi.org/10.1007/s1068​1-020-2555-6

Yan W, Chen D, Kaufmann K (2016) Efficient multiplex mutagenesis 
by RNA-guided Cas9 and its use in the characterization of regu-
latory elements in the AGAMOUS gene. Plant Methods 12:23. 
https​://doi.org/10.1186/s1300​7-016-0125-7

Yau YY, Stewart CN (2013) Less is more: strategies to remove marker 
genes from transgenic plants. BMC Biotechnol. https​://doi.
org/10.1186/1472-6750-13-36

Yin Y, Qin K, Song X, Zhang Q, Zhou Y, Xia X, Yu J (2018) BZR1 
transcription factor regulates heat stress tolerance through 
FERONIA receptor-like kinase-mediated reactive oxygen spe-
cies signaling in tomato. Plant Cell Physiol 59:2239–2254. https​
://doi.org/10.1093/pcp/pcy14​6

Yu Q, Tong E, Skelton RL, Bowers JE, Jones MR, Murray JE, Hou 
S, Guan P et al (2009) A physical map of the papaya genome 
with integrated genetic map and genome sequence. BMC Genom 
10:371. https​://doi.org/10.1186/1471-2164-10-371

Zhang Y, Zhang F, Li X, Baller JA, Qi Y, Starker CG, Bogdanove AJ, 
Voytas DF (2013) Transcription activator-like effector nucle-
ases enable efficient plant genome engineering. Plant Physiol 
161:20–27. https​://doi.org/10.1104/pp.112.20517​9

Zhou J, Li D, Wang G, Wang F, Kunjal M, Joldersma D, Liu Z (2020) 
Application and future perspective of CRISPR/Cas9 genome 
editing in fruit crops. J Integr Plant Biol 62:269–286

Zhu HJ, Liu WG (2018) Progress on salt resistance in autopolyploid 
plants. Yi Chuan Hered 40:315–326. https://doi.org/https​://doi.
org/10.16288​/j.yczz.17-305

Zhu C, Bortesi L, Baysal C, Twyman RM, Fischer R, Capell T, Schil-
lberg S, Christou P (2017) Characteristics of genome editing 
mutations in cereal crops. Trends Plant Sci 22:38–52. https​://
doi.org/10.1016/j.tplan​ts.2016.08.009

Zhu Hongju LW (2018) Progress on salt resistance in autopolyploid 
plants. Hereditas (Beijing) 40:315–326

Zsögön A, Čermák T, Naves ER, Notini MM, Edel KH, Weinl S, Fre-
schi L, Voytas DF et al (2018) De novo domestication of wild 
tomato using genome editing. Nat Biotechnol 36:1211–1216. 
https​://doi.org/10.1038/nbt.4272

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/S0065-2113(08)60165-0
https://doi.org/10.1016/S0065-2113(08)60165-0
https://doi.org/10.1080/15592324.2018.1525996
https://doi.org/10.1093/aob/mcr277
https://doi.org/10.1023/A:1017936226557
https://doi.org/10.1007/978-94-011-1524-7_7
https://doi.org/10.1007/978-94-011-1524-7_7
https://doi.org/10.1007/s00299-018-2299-0
https://doi.org/10.1111/j.1364-3703.2008.00467.x
https://doi.org/10.1111/j.1364-3703.2008.00467.x
http://gain.fas.usda.gov/Recent%20GAIN%20Publications/Agricultural%20Biotechnology%20Annual_Tokyo_Japan_8-27-2013.pdf
http://gain.fas.usda.gov/Recent%20GAIN%20Publications/Agricultural%20Biotechnology%20Annual_Tokyo_Japan_8-27-2013.pdf
http://gain.fas.usda.gov/Recent%20GAIN%20Publications/Agricultural%20Biotechnology%20Annual_Tokyo_Japan_8-27-2013.pdf
https://doi.org/10.1111/pbi.13021
https://doi.org/10.1111/pbi.13021
https://doi.org/10.4236/as.2014.58075
https://doi.org/10.1021/acs.jafc.7b02745
https://doi.org/10.1080/21645698.2015.1114698
https://doi.org/10.1080/21645698.2015.1114698
https://doi.org/10.1038/nbt.2906
https://doi.org/10.1038/nbt.2906
https://doi.org/10.1007/s10681-020-2555-6
https://doi.org/10.1186/s13007-016-0125-7
https://doi.org/10.1186/1472-6750-13-36
https://doi.org/10.1186/1472-6750-13-36
https://doi.org/10.1093/pcp/pcy146
https://doi.org/10.1093/pcp/pcy146
https://doi.org/10.1186/1471-2164-10-371
https://doi.org/10.1104/pp.112.205179
https://doi.org/10.16288/j.yczz.17-305
https://doi.org/10.16288/j.yczz.17-305
https://doi.org/10.1016/j.tplants.2016.08.009
https://doi.org/10.1016/j.tplants.2016.08.009
https://doi.org/10.1038/nbt.4272

	Fruit crops in the era of genome editing: closing the regulatory gap
	Abstract
	Introduction
	Different breeding technologies applied to fruit crops
	Conventional breeding
	Chemical, radiation and transposon mutagenesis
	Polyploidy and interspecific hybridization
	Genetic engineering
	Genome editing

	Regulation of crops produced using new technology
	Case studies
	Okanogan Specialty Fruits, Inc.: Arctic® apple (GD743GS784NF874)
	Del Monte Fresh Produce Company: Pinkglow™ pineapple (EF2-114)
	Cornell University and University of Hawaii: SunUpRainbow papaya (55-1)

	Discussion
	V.1 Alternative approaches for the Arctic apple
	Alternative approaches for the Pinkglow™ pineapple
	Alternative approaches for the SunUpRainbow papaya

	Conclusions
	Acknowledgements 
	References




