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Abstract: Fruit and vegetable crops are rich in dietary fibre, vitamins and minerals, which are vital
to human health. However, many biotic stressors (such as pests and diseases) and abiotic stressors
threaten crop growth, quality, and yield. Traditional breeding strategies for improving crop traits
include a series of backcrosses and selection to introduce beneficial traits into fine germplasm, this
process is slow and resource-intensive. The new breeding technique known as clustered regularly
interspaced short palindromic repeats (CRISPR)-CRISPR-associated protein-9 (Cas9) has the potential
to improve many traits rapidly and accurately, such as yield, quality, disease resistance, abiotic
stress tolerance, and nutritional aspects in crops. Because of its simple operation and high mutation
efficiency, this system has been applied to obtain new germplasm resources via gene-directed
mutation. With the availability of whole-genome sequencing data, and information about gene
function for important traits, CRISPR-Cas9 editing to precisely mutate key genes can rapidly generate
new germplasm resources for the improvement of important agronomic traits. In this review, we
explore this technology and its application in fruit and vegetable crops. We address the challenges,
existing variants and the associated regulatory framework, and consider future applications.

Keywords: CRISPR/Cas; gene knockout; genome editing; germplasm resource; precision editing;
regulatory framework; trait improvement

1. Introduction

Fruit and vegetable crops are rich in cellulose, vitamins, trace elements, minerals, and
other important nutrients, which are essential in the human diet [1]. However, climate
and environmental changes potentially threaten the production and supply of fruits and
vegetables [2]. Humans have long domesticated and cultivated wild species. Cross-
breeding technology enables breeders to improve varieties by crossing selected dominant
varieties [3]. However, with long-term artificial selection, the shortcomings of conventional
breeding become increasingly prominent, mainly in the excessive dependence on naturally
occurring allelic variation. There are limited genetic germplasm resources for improving
target traits, and conventional breeding can expose many adverse traits, thereby reducing
breeding efficiency [4]. Although traditional breeding can produce new vegetable cultivars
with high yield, good quality and disease resistance, with the increasing global population
and continuous food-supply demands, it is important to rapidly select new varieties to
meet market demands [5]. The development and application of emerging methods in crop
biotechnology can promote high-efficiency and precise varietal breeding [6].

Genetic engineering has been used to improve the responses to biotic and abiotic stress,
and to improve the quality of fruits and vegetables. In 1994, a storage resistant transgenic
tomato was approved by the Food and Drug Administration (FDA) [7]. For papaya, 80%
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of the market was supplied with high-yield transgenic papaya with high resistance to
the cyclic spot virus [8]. However, in order to ensure safety in planting processes and
product consumption, genetically modified (GM) plant development and application are
strictly legislated and regulated, greatly delaying the development to market of transgenic
cultivars [9]. In 2013, CRISPR-Cas-mediated gene editing was developed as a tool to study
plant gene function. Over the next two years, many new gene-edited crop germplasm
resources emerged. In 2016, the US FDA approved the CRISPR gene editing of a waxy corn
null segregant line and an anti-browning mushroom (Agaricus bisporus) for the market,
without applying the strict regulatory process required for GM crops [10,11]. This indicates
that CRISPR gene editing has already succeeded in promoting the development of crop
cultivars.

In this review, we summarise the mechanisms underlying CRISPR technology, recent
applications in fruit and vegetable crops, and improvements in CRISPR-Cas systems. We
further outline CRISPR-associated regulatory frameworks that enable commercialisation
of gene edited crops in different countries. Finally, we discuss the future challenges and
opportunities for introducing desirable alleles and improving many traits.

1.1. The Discovery and Development of CRISPR Technology

CRISPR-associated (Cas) genes were first discovered in the Escherichia coli genome in
1987 and were officially named by the Dutch scientist who identified them [12]. In 2005,
it was discovered that many CRISPR spacers consist of short sequences that are highly
homologous with sequences originating from extrachromosomal DNA. The Cas-encoded
protein can combine with the CRISPR transcription products and with the homologous
foreign DNA sequences to form a protein–RNA complex, which can cut the foreign DNA
fragments. The primary function of the CRISPR complex in bacteria and archaea is to
integrate specific fragments of exogenous DNA (from invading phages or other sources)
into their own genomes to become interval sequences. During subsequent invasion by
foreign DNA, the specific recognition system is then activated, providing an acquired
immune defence function [13–15].

CRISPR-Cas technology has been successfully applied to the editing of human, animal,
and plant genomes, and has been developed for use in drug screening, animal domes-
tication, and food science research [16–18]. There are three main types of CRISPR-Cas
systems. Types I and III use a large multi-Cas protein complex for interference [19]. Type II
requires only a simple effector-module architecture to accomplish interference via its two
signature nuclease domains, RuvC and HNH [20]. Among various CRISPR nucleases, type
II Cas9 from Streptococcus pyogenes (SpCas9) is the most widely used in CRISPR-Cas tech-
nology [21]. The sgRNA-Cas complex recognises the protospacer adjacent motif (PAM) and
Cas9 cleaves the target DNA to generate a double-strand break (DSB), triggering cellular
DNA repair mechanisms (Figure 1). In eukaryotes, DSBs have two main repair mechanisms.
The first is nonhomologous end joining (NHEJ). In the absence of a homologous repair tem-
plate, the NHEJ repair pathway is activated at the DSB site, thus disrupting gene function.
The second is homology directed repair (HDR). If a donor DNA template homologous to
the sequence surrounding the DSB site is available, the HDR pathway is initiated, precisely
introducing specific mutations such as insertion or replacement of desired sequences into
the break sites [22]. Using a donor DNA as a template, gene targeting (GT) can precisely
modify a target locus to repair DNA DSBs.

Several strategies are used to improve the homologous recombination frequency
between a genomic target and an exogenous homologous template donor. Most of the
strategies focus on enhancing the number of donor repair templates using virus repli-
cons [23], suppressing the NHEJ pathway [24], and timing DSB induction at target sites to
coincide with donor repair template delivery in plant cells [25]. Finally, the recombination
frequency can be enhanced by treatment with Rad51-stimulatory compound1 (RS-1) [26].
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Figure 1. The potential applications of CRISPR-Cas systems in genome editing. CRISPR-Cas systems
mediated genome modification depending on the two main double-strand break (DSB) repair path-
ways. Indel mutation and gene deletion are outcomes of the dominant nonhomologous end joining
(NHEJ) repair pathway. Gene insertion, correction, and replacement, using a DNA donor template,
are outcomes of the homology directed repair (HDR) pathway.

1.2. Development of the CRISPR-Cas System in Plant Studies

Since the CRISPR-Cas system was first adopted for plant genetic engineering in 2013,
numerous efforts have been made to develop it into a more powerful tool, for instance,
to enable precisely targeted DNA mutations or genetic modifications [27]. CRISPR-Cas
can now target the open reading frame, untranslated region, and promoter region of a
target coding gene, as well as noncoding RNAs [28–30]. Single-base mutations at genomic
targets have also been achieved by nickase Cas9 (nCas9) or catalytically inactive Cas9
(dead Cas9; dCas9) variants fused with cytosine or adenine deaminases, without inducing
DSBs [31]. Cas9 proteins have been developed extensively to broaden PAM preferences.
Cas9 orthologs which possess not only the canonical NGG PAM, but also NG and other
PAMs, will expand the repertoire of CRISPR-Cas9 genome editing in plants [32].

1.3. CRISPR-Cas9 in Fruit and Vegetable Crop Improvement

In 2014, CRSPR-Cas9 was used to create the first needle-leaf mutant in tomato, by
knocking out Argonaute 7 [33]. Many studies have since been published on its possible
applications in protecting plants against biotic and abiotic stresses, and improving fruit
quality, plant architecture, and shelf life [34]. Currently, the system is in the research stage
for many fruits and vegetables crops, such as cabbage, mustard, tomato, and watermelon.

Most gene-editing studies have evaluated mutation efficiency in terms of the number
of albino plants obtained after mutation of the endogenous phytoene desaturase (PDS) gene.
The disruption of PDS impairs the production of chlorophyll and carotenoid, generating
an easily identifiable albinism phenotype in plants. However, the products of gene editing
obtained in this way have no economic value [35–37]. Because of its high economic value
and the availability of Agrobacterium-mediated transformation, tomato has become a
model crop for testing CRISPR-Cas9 applications (Figure 2).
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transgenic plants. (V) Genotyping of transgenic plants. (VI) Transgene-free plants with the desired 
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Figure 2. CRISPR-Cas9 mediated genome editing. (I) Selection of the desired genomic DNA target,
and recognition of protospacer adjacent motif (PAM) sequences before 20 bp sequences. Design of
the sgRNA using online bioinformatics tools. (II) Cloning of designed sgRNAs, and binary vector
construction using promoters. (III) The delivery of CRISPR-Cas editing reagents into plant cells.
The vector can be transferred into the plant via Agrobacterium tumefaciens, nanoparticles, biolistic
bombardment, or polyethylene glycol (PEG). Alternatively, plant RNA viruses have been used to
induce heritable genome editing. When the cassette harbouring the sgRNA, RNA mobile element,
and tobacco rattle virus (TRV) is transformed into the Cas9 expressing plants, the systemic spread
of sgRNA will introduce heritable genome editing. (IV) Plant transformation and development of
transgenic plants. (V) Genotyping of transgenic plants. (VI) Transgene-free plants with the desired
mutation are obtained.

1.3.1. Improvement of Biotic Stress Resistance

Two strategies have been used to improve plant resistance to viruses: (1) designing
sgRNAs and targeting the virus genome; or (2), modifying the fruit crop genes in the
antiviral pathway. The binding of virus genome linked protein (VPg) to the plant protein
‘eukaryotic translation initiation factor 4E’ (eIF4E) is key in Y virus infection of plants.
Mutation of a key site of eIF4E can affect the virus–plant interaction, and mediate plant
resistance to this virus [38]. In cucumbers, using CRISPR-Cas to target the N′ and C′ ends
of eIF4E-produced nontransgenic homozygous plants in the T3 generation; these showed
immunity to cucumber vein yellow virus and pumpkin mosaic virus, and resistance to
papaya ring spot mosaic virus (PRSV-W) [39].

CRISPR-Cas9 can generate mutations in the coding and noncoding regions of gem-
inivirus, effectively reducing its pathogenicity. In Nicotiana benthamiana, sgRNA-Cas9
constructs target beet severe curly top virus (a geminivirus), inhibiting its accumulation
in leaves [40]. Geminivirus noncoding-region mutations are believed to reduce or even
inhibit its replication ability. Compared with coding-region mutations, noncoding-region
mutations generate fewer viral variants [41].

Fungi cause many diseases, potentially causing severe losses in crop yield and quality.
For instance, downy and powdery mildews cause serious economic losses in tomato [42].
Arabidopsis thaliana DMR6 (down mildew resistant) is a member of the 2-oxoglutarate
oxygenase Fe(II)-dependent superfamily and is involved in salicylic acid homeostasis.
Overexpression of DMR6 in plants can reduce susceptibility to downy mildew [43]. The
DMR6 mutation obtained using CRISPR-Cas9 to knock out the homologous genes in
tomato showed resistance to Pseudomonas syringae, Phytophthora and Xanthomonas spp. [44].
Mlo1 (Mildew resistant locus 1) encodes a membrane-associated protein and is a powdery
mildew disease-sensitivity gene. In tomato, Mlo1 mutants obtained via gene editing
exhibited resistance to the powdery mildew Oidium neolycopersici. Further, a mutant free of
mlo1 T-DNA was obtained by selfing T0 generation plants [45].
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The fungal pathogen Fusarium oxysporum can cause Fusarium wilt disease in fruit and
vegetable crops [46]. In tomatoes, Solyc08g075770-knockout via CRISPR-Cas9 resulted in
sensitivity to Fusarium wilt disease [47]. In watermelons, the knockout of Clpsk1, encoding
the Phytosulfokine (PSK) precursor, confers enhanced resistance to Fusarium oxysporum
f.sp.niveum (FON) [48]. Botrytis cinerea, an airborne plant pathogen that infects fruit and
vegetable crops, causes great economic losses. Its initial symptoms are not obvious, and
the lack of effective pesticides makes its prevention and control difficult. Pathogens
can be effectively controlled in crops by the use of genetic resources that convey heritable
resistance. In tomatoes, mutations in MAPK3 (mitogen-activated protein kinase 3) produced
using CRISPR-Cas9 induce resistance to Botrytis cinerea [49].

The bacterial pathogen Pseudomonas syringae causes leaf spot diseases in crops, severely
impacting the yield and sensory qualities of fruits and vegetables. In Arabidopsis thaliana,
CRISPR-Cas9 was used to mutate the C-terminal jasmonate domain (JAZ2∆jas) of JAZ2
(jasmonate ZIM domain protein 2), causing expression of JAZ2 repressors; these repressors
confer resistance to Pseudomonas syringae [50].

1.3.2. Abiotic Stress Resistance Improvement

With climate change, crop production is exposed to increased potential risks of abiotic
stress. Although traditional breeding can to some extent ensure stable crop production, the
application of new technologies to rapidly obtain new crop germplasm resources capable of
responding to abiotic stress is essential for accelerating the cultivation of new varieties [51].
The emergence of CRISPR-Cas9 gene editing has shortened the time required to create new
varieties. Brassinazole-resistant 1 gene (BZR1) participates in various brassinosteroid (BR)
mediated development processes. The CRISPR mediated mutation in BZR1 impaired the
induction of RESPIRATORY BURST OXIDASE HOMOLOG1(RBOH1) and the production
of H2O2. Exogenous H2O2 recovered the heat tolerance in tomato bzr1 mutant [52]. Further,
new cold- and drought-tolerant germplasms can be created using gene-editing, for instance,
of CBF1 (C-repeat binding factor 1), which regulates cold tolerance in plants, and MAPK3,
which participates in the drought stress response to protect plant cell membranes from
peroxidative damage in tomatoes [53,54].

1.3.3. Herbicide Resistance Improvement

Weeds are an important cause of stress that affect vegetable yield and quality, and
selective herbicides are often used to control weed growth during cultivation. To obtain
herbicide-resistant fruits and vegetables for field production, CRISPR-Cas9 gene editing
was used for site-directed mutagenesis of the herbicide target gene acetolactate synthase
(ALS) in watermelon, yielding a herbicide-resistant watermelon germplasm [55]. Cytidine
base editing (CBE) was used for cytidine editing of key ALS sites in tomato and potato,
resulting in amino acid mutations. Up to 71% of edited tomato plants exhibited resistance
to the pesticide chlorsulfuron, and of the edited tomato and potato plants, 12% and 10%,
respectively, were free of GM components [56]. Phelipanche aegyptiaca, an obligate weedy
plant parasite, requires the host roots to release the plant hormone strigolactone (SL) to
promote seed germination; CRISPR-Cas9 was used to mutate carotenoid dioxygenase
8 (CCD8), a key enzyme in the carotenoid synthesis pathway that produces SLs in tomato,
and More Axillary Growth1 (MAX1), which is involved in the synthesis of SLs, thereby
significantly reducing SL content, and creating P. aegyptiaca-resistant tomato plants [57,58].

1.3.4. Fruit and Vegetable Quality Improvement

The primary goal in fruit and vegetable breeding is to improve quality and prolong
shelf life after harvest. Quality refers to both external and internal factors. External quality
refers to fruit size, colour, and texture, which can be discerned by the naked eye. Internal
quality must be measured using equipment, and includes the levels of nutrients such as
sugars, vitamins, and bioactive compounds including lycopene, anthocyanins, and malate.
For example, in tomato, the ovary locule number, which determines 50% of the genetic
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variation in fruit size, is determined by multiple QTLs [59]. Researchers at Cold Spring
Harbor Laboratory designed eight sgRNAs and used CRISPR-Cas9 to edit the promoter
region of the tomato CLAVATA-WUSCHEL (CLV-WUS) stem cell gene CLV3 to obtain
fruits that are larger and more numerous than wild-type fruits [60]; editing of fruit-size
determining QTLs, such as the QTLs for locule number (lc) and fasciated number (fas),
generated germplasm resources with an increased number of locules [61].

Fruit and vegetable colour and texture are important traits for consumers. For exam-
ple, European and American consumers prefer red tomatoes, whereas Asian consumers
prefer pink tomatoes [62,63]. CRISPR-Cas was used to modify phytoene synthase 1 (PSY1),
MYB transcription factor 12 (MYB12), and anthocyanin 2 (ANT2) to obtain yellow, pink,
and purple tomatoes, respectively [64–66]. The carotenoid isomerase gene of Chinese
kale (BoaCRTISO) is responsible for catalysis, then conversion of lycopene precursors to
lycopene. When BoaCRTISO was targeted and edited, the colour of mutants changed from
green to yellow [67]. The primary goal of improving the intrinsic quality of fruits and veg-
etables is to improve their nutrient and bioactive compound content. Carbohydrates and
vitamins are essential nutrients. Many genes are involved in the synthesis and metabolism
of sucrose and carotenoids. One of the carotenoids, provitamin A, can be absorbed by the
human body and converted into vitamin A. For example, CRISPR-Cas was used to knock
out MPK20 (mitogen-activated protein kinase 20), blocking the transcription and protein
products of multiple genes in the sucrose metabolism pathway [68]. Biofortification, the
biotechnological improvement of the absorption, transport, and metabolism of minerals by
plants, increases the levels of micronutrients that are beneficial to human health; long-term
consumption of these micronutrients can effectively prevent cardiovascular disease and
cancer [69].

Anthocyanins [70], malate [71], γ-aminobutyric acid (GABA) [72], and lycopene [73]
are bioactive compounds. Adjusting key metabolic-pathway-related genes via CRISPR-
Cas9 can enrich these nutrients in fruits. For example, in tomatoes, butylamine content
was increased 19-fold through editing multiple genes in the GABA synthesis pathway,
and malate content was improved by regulating aluminium-activated malate transporter
(ALMT9) [72].

CRISPR-Cas9 can also be used to reduce the content of substances in vegetables
that are not conducive to human health, by targeting mutations that inactivate genes
in biosynthetic pathways. In potato tubers, for example, excessive content of steroidal
glycoalkaloids (SGAs), such as α-solanine and α-chaconine, affects their taste and makes
them less safe for human consumption, hence low content is an indicator of high quality.
CRISPR-Cas9 was used to delete St16DOX (steroid 16α-hydroxylase) in the potato SGA
biosynthetic pathway, resulting in SGA-free potato lines [74].

Prolonged shelf-life is an important breeding goal in fruit and vegetable production.
CRISPR was used to knock out ripening inhibitor (RIN) or DNA demethylase (DNA
demethylase 2, DML2) to slow fruit ripening, thereby prolonging their shelf life. However,
regulating these two genes in fruit alters peel colour and reduces flavour and nutritional
value, severely reducing the fruit’s palatability and sensory qualities [75,76]. In tomatoes,
inhibiting the expression of the pectate lyase (PL) and alcobaca (ALC) genes effectively
extended shelf life, without affecting the sensory qualities or nutritional value [77,78].

1.3.5. Application of CRISPR-Cas9 to Crop Domestication

The domestication of wild species into commercial cultivated species requires changes
in numerous crop traits, including seed setting, size, consistency of maturation, flowering,
photoperiod sensitivity, and the nutritional value of the fruit [79]. Plant domestication
mostly affects the genes controlling plant morphology, plant growth habit, floral induction,
fruit size and number, dispersal, and architecture, as well as the nutritional composition.
To achieve the ideotype, alleles controlling favourable nutritional attributes and stress
resilience from wild relatives are introduced into cultivated species via traditional domes-
tication technology, but this process is very time-consuming in bringing about changes
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to many loci. With its ability to precisely manipulate the genome, CRISPR-Cas9 can
substantially accelerate de novo domestication.

The tomato is a model crop for artificial domestication using CRISPR-Cas9. In tomato
plants, the joint is a weak region of the stem which allows the fruit to drop from the
plant, making the fruit prone to fall after ripening, thus improving seed dispersal. Many
years of artificial domestication based on harvesting habits has generated cultivars with
jointless fruit stems, in which the fruit do not fall after maturation [79,80]. Roldan et al. [81]
used CRISPR-Cas to mutate MBP21 (MADS-box protein 21), obtaining a new jointless
germplasm resource.

Parthenocarpy (fertilisation-independent seedless fruit development) is an important
agronomic fruit and vegetable trait and can help ensure stable yield in fluctuating envi-
ronments. It satisfies consumer preferences for seedless over seeded fruits and provides
savings in energy consumption when separating the seeds for industrial production. In
tomatoes, SlAGL6 (SlAGAMOUS-like 6) is essential for parthenocarpy during high tem-
perature stress. SlAGL6-mutant plants grow normally and have the same fruit weight
and morphology as wild-type plants. Therefore, this gene is an important resource for
creating new parthenocarpic germplasms. Homozygous or biallelic mutant plants ob-
tained by modifying SlAGL6 produced parthenocarpic fruits and fruits with a maximum
of 10 seeds, respectively [82]. CRISPR-Cas has also been used to knock out SlARF7 (auxin
response factor 7) and SlIAA9 (indole-3-acetic acid inducible 9) to obtain seedless tomatoes.
Seedless tomatoes are obtained from the T0 generation of the biallelic and homozygous
SlIAA9-mutant Micro-Tom cultivar and the commercial Ailsa Craig cultivar [83,84].

Plant yield depends primarily on the number of flowers, which in turn is determined
by inflorescence structure. BOP (blade-on-petiole) is homologous to genes associated with
leaf complexity and silique dehiscence in tomato and Arabidopsis. Knocking out BOP
via CRISPR-Cas9 altered inflorescence morphology. CRISPR-Bop1/2/3 triple mutants
flower faster and have simpler inflorescence structure than wild-type plants [85]. The
site-directed editing of six key genes that determine yield in wild tomatoes (Solanum
pimpinellifolium) has resulted in morphological changes in aspects such as size, fruit number,
and nutritional composition [86]. In domesticated wild tomatoes, genes associated with
morphology, number of flowers, fruit yield, and vitamin C synthesis have been improved
by editing their coding sequences, cis-regulatory sequences, and upstream open reading
frames [81]. APETALA2a (AP2a), NON-RIPENING (NOR), and FRUITFULL (FUL1/TDR4
and FUL2/MBP7) have been modified to accelerate tomato maturation, producing plants
that mature earlier in natural environments [87].

Crop sensitivity to photoperiod restricts their planting areas and regulating the
photoperiod-associated genes can accelerate domestication. The disruption of self-pruning
5G (SP5G) generated a rapid surge in flowering that leads to an early fruit harvest [88].

Dwarf-crop breeding is an important direction in domestication research, as dwarf
plants are resistant to lodging under high wind conditions. Compared with normal plants,
it is more convenient to pick fruits from dwarfed plants [89]. Dwarf plants transport
nutrients more readily over the shorter distances from the roots to the leaves [89]. The
application of CRISPR-Cas9 technology in the genomes of several commercially important
fruit and vegetables has been achieved as outlined in Table 1.
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Table 1. List of target genes and traits modified via CRISPR-Cas9 technology in fruit and vegetable crops.

Crop Species Target Mutation Transformation Method Trait Modification References

Tomato SlAGO7 Loss of function Agrobacterium-mediated transformation Wiry phenotype [33]

Cabbage BoPDS Loss of function Agrobacterium-mediated hypocotyl transformation Albino phenotype [35]

Watermelon ClPDS Loss of function Agrobacterium-mediated cotyledon transformation Albino phenotype [36]

Chinese kale BaPDS1BaPDS2 Loss of function Agrobacterium-mediated cotyledon transformation Albino phenotype [37]

Cucumber elF4E Loss of function Agrobacterium-mediated cotyledon transformation

Resistance against cucumber vein
yellowing virus, zucchini yellow
mosaic virus, and papaya ring spot
mosaic virus

[38]

Tomato ClDMR6 Loss of function Agrobacterium-mediated cotyledon transformation Resistance against downy mildew [44]

Tomato ClMlo1 Loss of function Agrobacterium-mediated cotyledon transformation Resistance against downy mildew [45]

Tomato Solyc08g075770 Loss of function Agrobacterium-mediated cotyledon transformation Fusarium wilt susceptibility [47]

Watermelon ClPSK1 Loss of function Agrobacterium-mediated cotyledon
transformation

Resistance to Fusarium oxysporum
f.sp. niveum [48]

Tomato MAPK3 Loss of function Agrobacterium-mediated cotyledon transformation Resistance to Botrytis cinerea [49]

Tomato BZR1 Loss of function Agrobacterium-mediated cotyledon transformation Decrease in heat stress tolerance [52]

Tomato CBF1 Loss of function Agrobacterium-mediated cotyledon transformation Decrease in chilling stress tolerance [53]

Tomato SlMAPK3 Loss of function Agrobacterium-mediated cotyledon transformation Decrease in drought stress
tolerance [54]

Watermelon ClALS Site-directed mutagenesis Agrobacterium-mediated cotyledon transformation Herbicide resistance [55]

Tomato and Potato StALS2 Site-directed mutagenesis Agrobacterium-mediated transformation Herbicide resistance [56]

Tomato Carotenoid cleavage
dioxygenase8 (CCD8) Loss of function Agrobacterium-mediated transformation Resistance against

Phelipanche aegytiaca [57]

Tomato More Axillary Growth1 (MAX1) Loss of function Agrobacterium-mediated transformation Resistance against
Phelipanche aegytiaca [58]

Tomato SP,SP5G,CLV3, WUS, GGP1 Cis-regulatory variation
and loss of function Agrobacterium-mediated transformation

Introduction of desirable traits
with morphology, flower number,
fruit size and number, and ascorbic
acid synthesis

[60]
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Table 1. Cont.

Crop Species Target Mutation Transformation Method Trait Modification References

Tomato SlWUS CarG element,
SlCLV3 promoter Cis-regulatory variation Agrobacterium-mediated transformation Fruit size, inflorescence branching,

and plant architecture [61]

Tomato PSY1 Different mutations in
alleles Agrobacterium-mediated cotyledon transformation Yellow-coloured tomato [64]

Tomato MYB12 Different mutations in
alleles Agrobacterium-mediated cotyledon transformation Pink-coloured tomato [65]

Tomato ANT2 Gene insertion Agrobacterium-mediated cotyledon transformation Purple-coloured tomato [66]

Chinese kale BoaCRTISO Gene insertion and
replacement Agrobacterium-mediated transformation Colour of mutants changed from

green to yellow [67]

Tomato MPK20 Loss of function Agrobacterium-mediated transformation Repression of genes controlling
sugar and auxin metabolism [68]

Tomato
GAD2,GAD3,SlyGABA-
TP1,SlyGABA-TP2,SlyGABA-
TP3,SlyCAT9,SlySSADH

Autoinhibitory
domain deletion Agrobacterium-mediated transformation Increase in γ-aminobutyric acid

(GABA) content [72]

Tomato
SGR1,lycopene ε-cyclase (LCY-E),
beta-lycopene cyclase(Blc), lycopene
β-cyclase1(LCY-B1) and LCY-B2

Loss of function Agrobacterium-mediated apical segments of
hypocotyls transformation Lycopene content [73]

Potato 16α-hydroxylation (St16DOX) Loss of function Agrobacterium-mediated shoot transformation Steroidal glycoalkaloid
(SGA) biosynthesis [74]

Tomato Ripening inhibitor (RIN)
Single base insertion or
deletion of more than
three bases

Agrobacterium-mediated transformation MADS-box transcription factor
regulating fruit ripening [75]

Tomato DNA demethylases (SlDML2) Loss of function Agrobacterium-mediated cotyledon transformation Activation and inhibition of
fruit ripening [76]

Tomato
Enzymes pectate lyase (PL),
Polygalacturonase 2a (PG2a),
and β-galactanase (TBG4)

Generation of a range of
CRISPR alleles Agrobacterium-mediated transformation Pectin degradation control [77]

Tomato Alcobaca (SLALC) Loss of function Agrobacterium-mediated
hypocotyls transformation Long shelf-life [78]
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Table 1. Cont.

Crop Species Target Mutation Transformation Method Trait Modification References

Tomato SlMBP21 Loss of function Agrobacterium-mediated
transformation Jointless fruit stem [81]

Tomato SlAGAMOUS-LIKE 6 (Sl AGL6) Loss of function Agrobacterium-mediated
transformation Parthenocarpic [82]

Tomato ARF7 Loss of function Agrobacterium-mediated
transformation Parthenocarpic [83]

Tomato SlIAA9 Loss of function Agrobacterium-mediated leaf disk
transformation Parthenocarpic [84]

Tomato Blade-on-petiole (SlBOP) Loss of function Agrobacterium-mediated cotyledon segments
transformation

Early flowering with simplified
inflorescence architecture [85]

Tomato Self-pruning 5G(SlSP5G) cis-regulatory variation Agrobacterium-mediated
transformation Day-length-sensitive flowering [88]
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1.4. Improvements to CRISPR-Cas9 Gene-Editing Systems
1.4.1. Production of Non-GM Plants Using CRISPR-Cas9 Gene Editing

Most fruit crops have heterozygous genotypes, hybrid incompatibility, and long
growth periods. Some have complex triploid or polyploid genomes [90]. During the last
20 years, innovative breeding technology employing genetic engineering has provided a
favourable way to accelerate crop improvement for such species [91]. For example, the
introduction of foreign DNA fragments when creating transgenic lines may block the
function of endogenous genes and affect the expression of adjacent genes. In contrast to
transgenic approaches, CRISPR/Cas9 technology is able to generate nontransgenic plants.
Because CRISPR/Cas9 expression cassettes and their target sites are located at different
positions of the genome, segregation and removal of the CRISPR/Cas9 cassettes is possible
via subsequent selfing or crossing; however, this is not feasible in most fruit crops, because
of their complex, highly heterozygous, and polyploid genomes, and because they are
usually vegetatively propagated.

Fruit trees have a long juvenile stage and take several years to reach the reproduc-
tive stage. In such cases, the CRISPR/Cas9 components can be transiently expressed in
the nucleus and function for a short time to induce precise mutations. This means that
transgene-free edited plants can be generated, since the CRISPR/Cas9 expression cassette
is not integrated into the genome. Currently, the overall efficiency of the transient system
for the production of T-DNA-free edited apple lines is very low (0.4%) [92]; thus, the next
step is to improve editing efficiency and to make this system suitable for other crops.

Preassembled CRISPR-Cas-sgRNA ribonucleoproteins (RNPs) can be delivered into
plant cells and used for genome editing without the integration of foreign DNA because of
degradation by endogenous proteases [93]. The protoplast transformation technique has
been used to transform grape, apple, and lettuce with purified Cas9 RNPs. Sequencing
analysis of transformed cells revealed mutagenesis efficiencies of 0.1 to 6.9% in grapevine
and apple; however, due to the poor regeneration ability of protoplasts, no plants were
regenerated [93,94].

Two methods have been used to obtain transgene-free plants with mutations via
CRISPR/Cas9 gene editing. The first is based on the site-specific recombinase flippase
(Flp) [95], which recognises 34 bp-long flippase recognition target site (FRT) sequences. The
Flp/FRT system has been extensively used to remove undesired transgenic components in
transgenic apple [96,97]. The second removal method relies on the Cas9 enzyme cleavage
mechanism. Two additional synthetic target sites, referred to as cleavage target sites, were
added next to the left border (LB) and right border (RB) sites of the CRISPR/Cas9 vector.
When plants are transformed using CRISPR/Cas9, the Cas9 cleavage activity not only edits
the endogenous target site, but also removes T-DNA by inserting two additional cleavage
target sites, thereby resulting in T-DNA-free plants [98].

1.4.2. Novel Variants of Cas Protein and Applications

In commonly used CRISPR-Cas9 systems, the Streptococcus pyogenes (SpCas9)-gRNA
complex generally recognises the region 20 nt upstream of the PAM sequence (5′-NGG-3′).
To broaden the Cas9 protein recognition sequence and reduce the off-target editing rate,
several approaches have been used to broaden PAM compatibility and enhance speci-
ficity. These approaches are based on the structural characteristics of SpCas9 binding
to gRNA and target DNA. For example, the Cas9 variants SpCas9-VQR (NGA-PAM),
SpCas9-EQR (NGAG-PAM), and SpCas9-VRER (NGCG-PAM) functioned, but their cleav-
age activity levels were lower compared to that of the wild-type SpCas9 in Arabidopsis and
rice [99–102]. SpCas9-NG has a broader recognition sequence with enhanced compatibil-
ity, recognising NG-PAM, and has successfully generated targeted mutations in rice and
Arabidopsis [103–105].

The variants SpCas9-HF1, eSpCas9, and HypaCas9 have been developed to enhance
Cas9 protein-cleavage specificity. They show reduced off-target editing activities, indicating
high specificity in plant cells [106–108]. Cas9 protein-directed evolution has been developed
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for Cas9 engineering, conferring high-specificity engineered SpCas9 proteins such as
xCas9 [109], evoCas9 [110], and Sniper-Cas9 [111]. xCas9 recognises the NG, GAA, and
GAT PAM sequences. Although the gRNA containing these PAM sequences can be mutated
in plants, the mutation efficiencies and the preferences for different corresponding PAM
sequences differ between cells. For example, the cleavage activity of xCas9 is lower in
rice callus than in mammalian cells [112], and xCas9 does not recognise the NG-PAM
sequence in tomatoes [32]. Cas9-NG has a stronger cleavage activity than xCas9, especially
at CGG, AGC, TGA, and CGT sequence recognition sites [98], making Cas9-NG more
suitable for genome editing at the NG-PAM site in plants. The single-base editing system
developed based on Cas9 variants (SpCas9-NG and SpCas9-VQR) has been applied to
precise base-editing of plant genomes [103,113].

At present, the most commonly used Cas9 protein comes from Streptococcus pyogenes,
in order to broaden the Cas9 protein recognition sequence, orthologous Cas9 proteins have
been isolated from other bacteria; for instance, NmCas9 has been isolated from Neisse-
ria meningitidis [114], SaCas9 from Staphylococcus aureus [115], StCas9 from Streptococcus
thermophilus [116], FnCas9 from Francisella novicida [117], and CjCas9 from Campylobacter
jejuni [118]. These proteins are smaller than SpCas9, which is an advantage in cassette de-
livery. In Arabidopsis, the SaCas9 and SpCas9 systems do not interfere with each other [119],
so they can fully utilise Cas9 orthologues that recognise different PAM sequences. Such
simultaneous targeting by Cas9 orthologues with different PAM sequences would enable
multiplex genome engineering by simultaneously targeting more than one site.

With the continued discovery and investigation of the functions of CRISPR protein
family members, new types of Cas proteins have been discovered including the type VI
CRISPR-Cas system Cas13 (C2c2) protein, which recognises RNA sequences and exhibits
RNA editing activity without altering the genome sequence [120,121]. This system has
been successfully applied to knockout gene function in rice and tobacco and promote
resistance to RNA viruses in Arabidopsis [121,122]. Likewise, the CRISPR-Cas13 system
created RNA-guided immunity against RNA viruses in plants. Type V CRISPR-Cas systems,
such as Cas12c, Cas12g, Cas12h, Cas12i, and Cas14, are distinguished according to the
type of their target template (ssRNA, ssDNA, dsDNA, or ssDNA) and cleavage activity
strength. Their functions range from dsDNA nicking and cleavage, and can have collateral
cleavage activity on ssRNA, ssDNA, dsDNA, and ssDNA [123,124]. In short, the functional
differentiation of these Cas protein variants can be used to target mutations in different
nucleic acid types, induce a small number of 100 kb sequence deletions, and expand the
repertoire of plant genome-editing tools.

1.5. Regulatory Framework of CRISPR-Cas-Edited Crops

During CRISPR-Cas gene editing of plants, Cas cuts the target sequence to produce
double-strand breaks, resulting in the loss of gene function. The CRISPR-Cas technique
has been utilised to create modifications in the genome that are identical to natural genetic
variation [94]. Similarly, in HDR (homologous DNA repair) of CRISPR-Cas-mediated
dsDNA fragmentation, exogenously provided homologous DNA sequences are deemed
transgenic; however, when the repair template is derived from the genes from the same
species and related interbreeding species, the resultant crops are not regarded as transgenic
crops [125]. Nevertheless, the regulatory framework regarding NHEJ and HDR-mediated
gene editing contains differing definitions.

The United States Department of Agriculture (USDA), FDA, and Environmental Pro-
tection Agency state that the removal of transgenic elements in plants by CRISPR-mediated
editing is equivalent to crop improvement by conventional breeding programs, and crops
generated in this way are thus not considered GMOs for regulatory purposes [126]. In
2016, the USDA approved the marketing of gene-edited waxy corn without exogenous
transgenic elements [127], and an Agaricus bisporus mushroom with an anti-browning trait
obtained from CRISPR-Cas9 editing was exempted from GMO regulatory procedures [128].
This definition of gene-edited crops by the United States regulatory agencies promotes the
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genetic improvement of crops and accelerates the introduction of gene-edited crops to the
market. Genome editing has emerged as a powerful and elegant technology to develop
novel varieties or organisms with desirable traits in tomato, citrus, soybean, sugarcane,
camelina, and rice. In May 2020, the USDA–APHIS issued the latest edition of biotech-
nology regulations that provide three exemptions for genetic modifications in any plant
species: (i) resultant changes in DNA after DSB in the absence of an external repair donor
template; (ii) single base pair substitution in targeted loci; and (iii) introduction of a known
gene that exists in the plant’s gene pool.

As a major producer of GM crops, Canada considers gene-edited products such as
plants, animal feed, or human food as different from nonedited products, so they must
undergo a premarket assessment. In Europe, there are stringent regulations regarding
CRISPR/Cas9, and the European Court of Justice has included gene-edited crops in the
scope of GM crop regulation [129]. Australia has taken a milder approach, allowing gene-
editing without the introduction of any foreign genetic material [130]. In Asia, the attitude
towards gene-edited crops has eased in China and Japan, and cases of gene-edited crops
being planted in the field have been reported [131]. In addition, some countries have regu-
latory frameworks that are applied case-by-case, considering the breeding methodology
used, new traits or characteristics introduced, and evidence of the genetic changes in the
final product.

2. Future Challenges in the Application of CRISPR-Cas Gene Editing

CRISPR-Cas9 genome editing has been introduced and used to obtain abundant
germplasm resources with genetic variation, thanks to the results of whole genome se-
quencing and functional genomics studies in fruit and vegetable crops. Nonetheless, its
future application faces two major challenges. The first is the accurate selection of key genes
for targeted mutations and the corresponding types of mutations. Important agronomic
traits are often complex quantitative traits and editing a single gene does not produce
phenotypic changes. Therefore, efficient CRISPR-Cas-mediated target site-specific insertion
and chromosome recombination methods can be used to accumulate mutant alleles [132].

The use of gene-editing technology to inhibit the expression of specific genes in plants
reduces their adaptability. Therefore, precise genome editing requires efficient and specific
regulation of gene functions. Mutations in the exons of genes can change the function of
proteins, and mutations in the exon-intron splice sites can result in different alternative
splicing variants. Cis-regulatory elements (CREs) are noncoding DNA sequences that
often serve to regulate gene transcription. In CREs, single-nucleotide mutations, insertions,
deletions, inversions, and epigenetic variations in gene regulatory regions are closely
associated with crop domestication [133]. The CRISPR-Cas system has been used to
create mutations in the regulatory regions of promoters, and to generate a number of
alleles with variable phenotypes, which serve as excellent genetic resources in breeding
programs. Currently, the gene editing of CREs in fruit and vegetable crops is still in its
preliminary stages. Future studies are aimed at associating changes in expression produced
by different mutant CREs with the corresponding phenotypes and obtaining abundant
breeding resources through gene editing of CREs. Target induction of DSBs using CRISPR-
Cas results not only in small mutations, such as base substitutions, insertions, and deletions,
but also large rearrangements of the genome, including large deletions, chromosomal
translocations, and inversion, which is an efficient way to completely delete undesired
genes, such as those encoding allergens, in fruit and vegetable crops [134–136]. Although
such chromosomal rearrangements occur at a lower frequency than with conventional
targeted mutagenesis, a deficiency of Ku70, which is involved in the NHEJ pathway,
increases the frequency of inversion and translocation (Figure 3) [135].

The second challenge in the application of gene-editing technology is transforming the
CRISPR-Cas gene-editing system into plant cells and obtaining regenerated plants. Genetic
mutation vector systems mediated by conventional Cas9 or Cas variants, and precise gene-
editing systems mediated by CBE, ABE, and prime editing, have been successfully applied
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in model crops such as rice, corn, tobacco, and tomatoes, via Agrobacterium, gene gun,
polyethylene glycol (PEG), and electroporation-based methods, providing a foundation
for application in other crops [137]. However, developing a universal and efficient genetic
transformation and regeneration system for fruit and vegetable crops is more difficult. In
particular, the genetic transformation efficiency of CRISPR-Cas cassettes, and the ability
of transformed tissues to regenerate plants, have become limiting factors. To improve
explant regeneration ability after transformation, and meristem induction activity, the
plant morphogenesis regulatory genes Bbm (baby boom) and Wus2 (Wuschel2) can be
overexpressed at the same time as CRISPR-Cas expression cassette transformation [138].
Using plant RNA and DNA viruses as vectors to transform plant cells via CRISPR-Cas can
provide sufficient sgRNAs and shorten and simplify the process of genetic transformation
and regeneration, making this method suitable for in situ transformation, and facilitating
the production of gene-edited plants without transgenic elements [139].
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