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Abstract

The advent of CRISPR/Cas9 gene editing technology has revolutionized the field of horticulture
by offering precise and efficient tools for targeted genetic modifications in various plant species.
This abstract explores the multifaceted applications of CRISPR/Cas9 in horticultural crops while
considering its pivotal role in addressing climate-related challenges.

This review paper outlines the diverse applications of CRISPR/Cas9 in horticulture, including trait
improvement for enhanced stress tolerance, disease resistance, and yield optimization. It highlights
specific examples of successful CRISPR-edited horticultural crops and their contributions to
climate adaptation. Furthermore, it discusses the potential of CRISPR/Cas9 in accelerating the
development of new crop varieties tailored to thrive in changing climatic conditions.

Additionally, the ethical and regulatory considerations surrounding the use of CRISPR/Cas9 in
horticulture are addressed, as they play a crucial role in determining the broader adoption of this
technology. Balancing the benefits of climate-resilient crop development with potential
environmental and societal implications remains a critical aspect of its application.

In conclusion, the transformative potential of CRISPR/Cas9 in horticultural crop improvement and
its role in addressing climate-related challenges. By harnessing the power of genetic editing,
horticulturalists can create crops that are more productive and better equipped to withstand the
uncertainties of a changing climate. However, this technology's responsible and ethical use is
imperative  to ensure its long-term  sustainability and benefit to  society.
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Introduction

Microbes have several defense mechanisms that enable them to resist invasion by plasmids
and bacteriophages, among other genome invaders. Utilizing the RNA-directed endonuclease
CRISPR-associated (Cas) 9 protein is one such protective tactic. In contrast to prior tools like
ZFNs and TALENS, the Cas9 protein, which is derived from the type Il CRISPR/Cas system,
has been adopted as a flexible tool for genome targeting and engineering. With recent
developments, CRISPR/Cas9 technology has become a ground-breaking method for altering
the genome in living cells and inspiring novel translational uses in numerous disciplines. The
CRISPR/Cas9 technology and its potential applications among horticultural crops, as well as

current discoveries in genome engineering, are reviewed in this paper.
Biology of CRISPR/CAS9 system

The CRISPR/Cas9 system is a prokaryotic nucleic acid-based adaptive immune system that
enables selected microbes to respond to and eliminate foreign genetic material. The
establishment of defensive systems that recognize foreign DNA and defend against genome
invaders is encouraged in microbes that have been exposed to foreign genetic material by
transduction, conjugation, and transformation. By inserting brief pieces of foreign DNA into
the CRISPR area, defence is acquired. The CRISPR area is made up of short, repeating base
sequences called spacers that are related to foreign entities like plasmids and bacteriophages
in terms of sequence homology. The resistance and susceptibility to phages are altered in the
CRISPR locus by the addition and deletion of spacers, respectively. Typically, CRISPR
arrays are flanked by AT-rich leader sequences, which are followed by CRISPR arrays that

encode Cas proteins.

CRISPR immunity in microbes is acquired through (A) adaptation or spacer acquisition, (B)
CRISPR-RNA (crRNA) biogenesis, and (C) target interference. During adaptation phase,
invading DNA is spliced into small fragments and incorporated into a CRISPR locus as new
spacers that become the memory record of infection. In the crRNA biogenesis phase,
CRISPR array is transcribed into precursor CRISPR-RNA (pre-crRNA) followed by
maturation to crRNAs, each containing a specific spacer sequence flanked by short RNA
sequences. During the interference phase, the crRNA in the Cas9-crRNA-tracrRNA
ribonucleoprotein (crRNP) complex base pairs with the corresponding protospacer and

stimulates Cas9 for the recognition and destruction of the matching sequence by cleaving
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both strands of the target. Cas9 protein cleaves the protospacer at a site that is located 3 bases
upstream of the protospacer adjacent motif. The absolute requirement of the PAM sequence
for the cleavage of the protospacer excludes the “autoimmune” response within the CRISPR

locus as the host locus lacks the PAM sequence.
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Figure 1. An overview of type 1l CRISPR/Cas immunity.
CRISPR/Cas9 System Exploitation in Genomic Engineering

The CRISPR/Cas9 system was derived from prokaryotes and is used for precise and targeted
editing of the genome of live cells. The double-strand break within the target DNA required
for genome editing is induced by the Cas9 nuclease in conjunction with the crRNA-tracrRNA
duplex. The CRISPR/Cas9 system offers novel approaches to engineer genomic DNA both in
vivo and in vitro by site-specific cleavage of target DNA. When compared to older genome
editing technologies like ZFN and TALENSs, which work on the similar premise of training
the nuclease to a specific sequence in the genome to cause a double-strand break, the
CRISPR/Cas9 system offers a number of advantages. The CRISPR/Cas9 approach requires
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only to replace the 20-nucleotide length guide sequence to link it to a new target site, in
contrast to ZFN and TALEN which both require extensive protein engineering. By simply
introducing a mixture of sgRNAs, the CRISPR/Cas9 system can permit multiplex genome

editing.
Mechanism of Specific DNA Cleavage by CRISPR/Cas9

Among the various Cas proteins available, Cas9, a programmable RNA guided endonuclease,
is the one most frequently utilised for genome editing. The HNH and RuvC domains, both
generate DSB in the target DNA, are two conserved nuclease domains of the Cas9 nuclease.
The Cas9 crystal reveals that it includes a bi-lobed structure in which the central nucleic acid
recognition (REC) lobe, which is made up of bridge helix, Recl, and Rec2 domains,
collaborates with the NUC lobe to create a channel for the negatively charged sgRNA-target
DNA heteroduplex.

In recent years, many studies have been published on genome editing of horticultural plants,
including plants with resistance to biotic and abiotic stresses, altered flowering times,
improved fruit quality, altered flowers, and altered fruit color. An advantage of genome
editing using CRISPR/Cas9 is the possibility of simultaneously editing several target genes.
In addition, plants with specified characteristics can be produced much faster as compared
with traditional breeding techniques as well as with methods of transgenic plant production.
Still, the use of horticultural plants’ genome editing has its limitations, such as long juvenile

periods for fruit trees, polyploidy, and difficulties in producing homozygous lines.

Abiotic stress
tolerance

Plant disease
resistance

CRISPR/Cas
gene editing

Figure 2. Potential application of CRISPR/Cas9 systems in horticultural crops
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Applications of CRISPR/Cas9 in horticultural crops

The high efficiency and precision of CRISPR/Cas9 technology in genome editing motivated
researchers to design this system to study the horticultural crop (Ahmar et al., 2020; Biswas
et al., 2021). This technology has been applied in enhancing stress resistance, improving fruit

quality, and modifying cultivation traits.

Increasing the Resistance of Horticultural Plants to Biotic and Abiotic Stresses

Plants can be susceptible to various diseases caused by pathogens such as bacteria,
fungi, and viruses. This deteriorates the development and productivity of plants, which can
lead to large losses and increased costs of agricultural products. The CRISPR/Cas technology

can greatly contribute to increasing plant resistance to biotic stresses.

Two different approaches are used to create plants resistant to viruses: viral genome
editing and editing the genes of plants sensitive to viruses. Viruses usually use host-plant
transcription and translation tools. In order to protect plants from viruses, expression of
sensitivity genes (S genes) can be disrupted using the CRISPR/Cas technology, e.g., by
knocking out translation initiation factors. The CRISPR/Cas9 technology enabled the
production of bananas resistant to the endogenous banana streak virus. Mutations were
introduced into integrative viral elements, which made it impossible to transcribe and

translate viral proteins in banana plants.

Genome editing makes it possible to produce plants resistant to bacterial pathogens. For
example, apple protoplasts were transformed by a ribonucleoprotein complex containing the
Cas9 nuclease and sgRNA (CRISPR/Cas9 RNPs) into the DIPM-1, -2, and -4 genes encoding
negative regulators of resistance to bacterial fire blight of fruit crops caused by Erwinia
amilovora. The advantage of transient expression was shown, as there are fewer undesirable
mutations. Other researchers also carried out a knockout of the MdDIPM-4 gene in apple
plants. Interestingly, foreign DNA was removed from the genome using the FLP/FRT
recombination system in the presence of a heat shock.

Citrus canker is known to be caused by Xanthomonas bacteria. Citrus mutants (Citrus
sinensis orange and C. paradisi grapefruit) produced by genome editing had a significant
tolerance to these pathogens. Citrus plants have the CsLOB1 gene responsible for sensitivity

to a disease caused by the bacteria Xanthomonas citri subsp. citri . The promoter part of this
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gene includes elements for the bacterium’s pathogenicity factor PthA4 binding, which leads
to the development of symptoms of the disease. The use of CRISPR/Cas9 to modify the
binding sites of the PthA4 factor led to a decrease in the bacteria’s ability to infect Citrus
sinensis . Researchers used several vector constructs to modify the promoter region of
the CsLOB1 gene of the Wanjincheng orange variety. Depending on the construct, the
frequency of obtained mutations was 11.5-64.7%. As a result, four of the most promising
mutant orange lines of canker-resistant citrus fruits were selected. Deletion of the entire
binding region of the PthA4 effector in the CsLOB1 promoter led to a significant resistance
of plants to this disease. Similar studies were carried out using not only CRISPR/Cas9 but
also another nuclease, Casl12a (Cpfl). Another approach to increasing the resistance of the
Wanjincheng orange to bacterial canker was the editing of the CSWRKY22 gene encoding
another transcription factor using CRISPR/Cas9. Genome editing also contributed to
producing banana mutants with the DMR6 gene resistant to banana wilt caused
by Xanthomonas bacteria.

Fungal pathogens cause numerous diseases in plants. The development of CRISPR/Cas9
technology opened new opportunities for producing plants with a wide range of resistance to
diseases caused by pathogenic fungi, e.g., by editing pathogen sensitivity genes. It is known
that sensitivity genes in plants facilitate pathogen penetration and infection. For example, the
use of CRISPR/Cas9 technology enabled the production of grapevine plants with the
knockout of the MLO-7 gene, which encodes the negative regulator of resistance to powdery
mildew, Erysiphe necator. Delivery of sgRNA to plants was carried out using RNPs, and the
mutation rate was very low (0.1-6.9%). In further studies, the editing protocol using RNPs
has been improved. Mutations in three MLO genes resulted in grapevine plants with a 77%
lower sensitivity to powdery mildew. In addition, by the knockout of the gene encoding
transcription factor WRKY52—a negative regulator of the jasmonic acid pathway—
grapevine plants with increased resistance to the gray mold Botrytis cinerea were obtained.
Several sgRNAs were designed to target different sites of the first exon of the WRKY52 gene,
and a mutation in two alleles of the gene was shown to make grapevine plants more resistant

to the pathogen compared to mutants in one allele.

Genome editing is often useful for clarifying the role of some genes in the development
of a disease or providing protection against it. For example, when knocking out the
pathogenesis-related protein 4b (VvPR4b) gene, the resistance of grapevines to the downy

mildew disease caused by Plasmopara viticola decreased. The authors found that
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the VVPR4b gene encodes the chitinase 1l-like protein necessary for inhibiting the growth of
pathogenic fungus hyphae.

Apple plants can suffer from infection caused by the fungal pathogen Botryosphaeria
dothidea. Knockout of the negative regulator CNGC2 gene led to an increase in the resistance
of apple calli to this pathogen. Herewith, the content of salicylic acid was noted to increase
and the expression of the PR protein gene to be suppressed. However, the choice of
the CNGC2 gene for the knockout is not optimal since mutations in it can lead to undesirable

effects, such as reduced fertility.

With the help of transient expression of the CRISPR/Cas9 system, it was possible to
obtain sections of leaves and embryos of the cacao plant, Theobroma cacao, with increased
resistance to infection by the pathogen Phythophtora tropicalis. The TcNPR3 gene, which is
a suppressor of the protective response, was chosen as the target of editing. These results
confirm the possibility of subsequently producing cacao plants resistant to the disease caused

by Ph. tropicalis.

A mutation in the Clpskl gene was shown to increase the resistance of watermelon
plants to the fungus Fusarium oxysporum f. sp. niveum. Thus, editing pathogen sensitivity
genes in host plant cells using the CRISPR/Cas9 technology can be a fast and reliable

approach to creating plants resistant to infections caused by viruses, bacteria, and fungi.

There are a few examples of using the genome editing technology to increase the
resistance of horticultural plants to abiotic stresses. For example, using CRISPR/Cas9, a
knockout of the watermelon acetolactate synthase (CIALS) gene was carried out, which will
subsequently allow for the production of watermelons resistant to herbicides. The use of
CRISPR/Cas9 base editing of the ALS gene as a marker led to the production of Pyrus
communis L. pear plants resistant to the herbicide chlorosulfuron. A similar editing of
the CsALS gene in the citrus Carrizo citrange led to the resistance of the obtained mutant

plants to the herbicide imazapyr.

Thus, genome editing of horticultural plants using CRISPR/Cas9 technology can be
effective for producing plants resistant to various biotic and abiotic stresses. However, it is
necessary to achieve mutation stability and investigate comprehensively how gene editing

affects varietal characteristics and plant metabolism.
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Changing the Agronomic Traits of Fruit and Berry Plants Using Genome Editing

Some studies investigate genome editing in order to change the growth and shape of
plants, the ripening time of fruits, modify the color of berries, change the metabolism, and

improve the shelf life of fruits.

Editing with CRISPR/Cas9 of the MaGA200x2 genes involved in the regulation of
gibberellin biosynthesis led to the production of the semi-dwarf phenotype of banana
plants Musa acuminate “Gros Michel”. The mutants differed from the original plants by
smaller growth but thicker and dark green leaves. The cells of the modified plants differed in
their structure from those of wild-type plants. The results of such studies are important for the
selection of dwarf banana varieties since tall plants often suffer from strong winds, resulting

in large crop losses.

The knockout of one of the strigolactone biosynthesis (VvCCD8) genes in Vitis
vinifera 41B grapevine plants led to increased branching of shoots compared to wild-type
plants. Strigolactones are plant hormones that inhibit the growth of axillary buds. Through
the use of CRISPR/Cas9, it was possible to find the key role of the VWvCCD8 gene in the
control of shoot branching. Subsequently, it is intended to investigate other mechanisms for

the regulation of the architecture of shoots in grapevines.

With the help of the CRISPR/Cas9 technology, it was possible to obtain strawberry
fruits with the colour of berries changed from red to white. To do this, the authors used a
knockout of the RAP (reduced anthocyanins in petioles) gene encoding the glutathione S-
transferase enzyme involved in binding anthocyanins to facilitate their transport from the
cytosol to the vacuole. Editing the RAP gene can be promising for producing strawberry

varieties with white berries that are popular among consumers.

Genome editing using CRISPR/Cas9 is an effective tool for improving the nutritional
properties of fruits and berries. For example, bananas with an increased content of B-carotene
were obtained by editing the lycopene epsilon-cyclase (LCYe) gene. In fruits of the obtained
mutant lines, the content of B-carotene increased sixfold, while the content of lutein and -

carotene significantly decreased.

There are few attempts to carry out gene editing using CRISPR/Cas9 in red
raspberry, Rubus idaeus L., to obtain plants with an improved phenotype. One of the studies

knocked out the flavone 3-hydrolase (F3'H) gene, encoding one of the key enzymes of
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flavonoid biosynthesis. Another target for editing was the MYB-16-like gene, which is a
possible regulator of prickle formation in raspberries. However, in both cases, researchers

faced the difficulty of regenerating plants from the obtained raspberry calli.

Mutation in the GIBG1 B-glucosidase gene led to a decrease in seed size in watermelon
(Citrullus lanatus) and improved their germination by reducing the content of abscisic acid. It
was shown that this gene can play a role in regulating the size of seeds and their germination,

which is a very important trait for use in watermelon breeding.

With the help of gene knockout using CRISPR/Cas9, it was possible to study the work
of some genes regulating fruit ripening in plants valuable to humans as well as to extend the
shelf life of these fruits. For example, bananas were obtained by editing the 1-
aminocyclopropane-1-carboxylate oxidase 1 (MaACO1) gene involved in ethylene
biosynthesis. The resulting plant lines produced fruits of a smaller size and with a much
extended ripening time (60 days instead of 21 days for control bananas), which positively
affected their storage. In addition, the content of vitamin C in the edited banana fruits
increased. Other researchers used CRISPR/Cas9 to knock out the CmNAC-NOR, CTR1-like,
and ROS1 genes involved in the regulation of fruit ripening in Cucumis melo
cantalupensis melon, which led to the appearance of fruits with delayed ripening and a long
shelf life.

Thus, the reviewed works showed the feasibility of using the CRISPR/Cas9 technology
to change various parameters of horticultural plants, such as to improve their taste qualities
and fruit color, to change the ripening and storage periods, as well as their growth
characteristics.

Changing Flower Color and Shape, Flowering Time, and Flower Longevity

Some studies consider editing the plant genome using the CRISPR/Cas9 technology to
change the flowering time, flower longevity, and shape and color of flowers in horticultural

plants.

Gene editing using the CRISPR/Cas9 technology has been successfully used in wild and
cultivated strawberry plants to clarify the function of various genes in the development of
flowers and fruits. Some of the first genes to be edited were FveARF8 and FveTAAL,

involved in auxin synthesis, as auxins are known to be important for the formation of
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strawberries. Homozygous strawberry FveARF8 gene mutants were large and grew faster as
compared with control plants. Mutations in other strawberry genes (FaTM6 and FveSEP3)
led to abnormal development of petals, anthers, and pollen grains, as well as to parthenocarpy
and an incorrect fruit phenotype. Thus, the role of these genes in the development of

strawberry flowers and berries has been shown.

With the help of genome editing, it is possible to make changes in the flowering
processes of fruit plants. For example, apple and pear plants with the knockout of
the TFI1 flowering repressor gene were obtained. The authors observed early flowering in
93% of the obtained apple tree lines and only in 9% of the pear plants. In Kiwi
plants, Actinidia chinensis, the role of the AcCen4, AcCen, and SyGl genes in slowing down
the flowering processes was elucidated using genome editing. Thus, there is a possibility of
obtaining horticultural plants with earlier flowering, which will lead to a reduction in fruit

harvest times.

The CENTRORADIALIS (CEN) gene in blueberry plants, Vaccinium corymbosum L.,
was edited. The authors expected that the knockout of this gene would lead to precocious
flowering, as was noted for TFI1/CEN-like genes in apple, pear, and kiwi. However, attempts
to affect the flowering of blueberry plants by editing the CEN gene failed. In addition, mutant
plants lagged far behind in growth as compared with control plants. Further analysis of the
progeny of edited blueberry plants is proposed to explain the role of mutations in

the CEN gene in the development of the dwarf phenotype.

Some researchers used genome editing to study genes involved in the regulation of
aging, as well as in changing the color of the corollas of ornamental flowers, such as petunia,
lily, chrysanthemum, ipomoea, gentian, torenia, and orchid. For example, the PhACO1 gene
involved in the regulation of ethylene biosynthesis was edited in petunia cultivar “Mirage
Rose” plants. This led to the appearance of petunia plants with reduced ethylene synthesis
and longer flower longevity. The wilting of flowers was also slowed down by knocking out
the EPH1 gene, which is a regulator of petal senescence, in Japanese morning glory (Ipomoea
nil, “Violet”) plants. There are many studies that have focused on changing the color of
flower corollas in ornamentals. It became possible to change the color of the flowers
in Ipomoea nil plants by knocking out the dihydroflavonol-4-reductase (DFR) and carotenoid
cleavage dioxygenase 4 (CCD4) genes. Other investigators carried out a knockout of the

flavone 3-hydrolase (F3'H) gene encoding one of the key enzymes of flavonoid biosynthesis.
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As a result, the flowers of Torenia fournieri changed color from pale blue to white.
Mutagenesis of the PDS gene encoding the key enzyme of carotenoid synthesis led to the
production of mutants Lilium longiflorum and L. pumilum with chimeric phenotypes with

altered flower coloration. There are few studies of orchids using CRISPR/Cas9 gene editing .

Table 1. Applications of CRISPR/Cas9 technology in different horticultural crops

Crop Target genes Transgenic | Traits References
background

Responding to biotic stresses

Tomato  (Solanum | SICCDS, SIMAX1 T P. aegyptiacat Bari et al,

lycopersicum) 2019, 2021

Tomato  (Solanum | TYLCV CP, Rep T TYLCV?® Tashkandi et al.,

lycopersicum) 2018

Banana (Musa | BSOLV, eBSOLV T eBSV? Tripathi et al.,

nana Lour.) 2019

Cucumber (Cucumis | Eif4e N CVYV, ZYMV, | Chandrasekaran

sativus L.) and PRSV-W1 etal., 2016

Citrus (Citrus | CsLOB1 promoter T Canker? Peng et al., 2017,

reticulata Blanco) Jia and Wang,
2020

Apple MdDIPM4 L Fire blight? Pompili et al,

(Malus x domestica) 2020

Grape (Vitis | VWMLO3 T Powdery mildew? | Wan etal., 2020

vinifera L.)

Tomato  (Solanum | SIPMR4 T Powdery mildew? | Martinez et al.,

lycopersicum) 2020

Cacao (Theobroma | TcNPR3 T P. tropicalist Fister et al., 2018

cacao)

Responding to abiotic stress

Tomato (Solanum | SIARF4 T Salinity, osmotic | Bouzroud et al.,
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Crop Target genes Transgenic | Traits References
background

lycopersicum) stress?t 2020
Tomato  (Solanum | SIHyPRP1 T Salinity stress?t Tran et al., 2020
lycopersicum)
Tomato  (Solanum | SILBD40 T Drought stress? Liuetal., 2020a
lycopersicum)
Tomato  (Solanum | SIMAPK3 T Drought stress| Wang et al., 2017
lycopersicum)
Tomato  (Solanum | SICBF1 T Chilling stress| Lietal., 2018b
lycopersicum)
Improvement of fruit quality
Tomato  (Solanum | SIGAD2, SIGAD3 T GABA content? Nonaka et al.,
lycopersicum) 2017
Tomato  (Solanum | SIGABA-TP1, T GABA content? Lietal., 2018a
lycopersicum) SIGABA-TP2,

SIGABA-TP3,

SISSADH, SICAT
Potato (Solanum | StPPO2 T Browning of | Gonzalez etal.,
tuberosum L.) tubers 2021
Eggplant  (Solanum | SmelPPO4, N Browning of fruit | Maioli et al.,
melongena L.) SmelPPO5, cut surface 2020

SmelPPO6
Potato (Solanum | St16DOX T Bitter| Nakayasu et al.,
tuberosum L.) 2018
Tomato  (Solanum | SICLV3, SISP, | N Fruit size, | Rodriguez et al.,
lycopersicum) SIS promoter inflorescence 2017

branching and

plant architectures

modified
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Crop Target genes Transgenic | Traits References
background

Tomato  (Solanum | SISGR1, SILCY-E,| T lycopene content? | Lietal., 2018c
lycopersicum) SIBlc, SILCY-B1,

SILCY-B2
Tomato  (Solanum | SIPL T Shelf lifet Uluisik et al,,
lycopersicum) 2016
Tomato  (Solanum | SIPL, SIPG2a, | T Shelf lifet Wang et al., 2019
lycopersicum) SITBG4
Tomato  (Solanum | SIALC F Shelf lifet Yuetal., 2017

lycopersicum)

Improvement of cultivation traits

Banana (Musa | MaGA200x2 T Semi-dwarf Shao et al., 2020
nana Lour.)

Tomato  (Solanum | SIGAI T Dwarf Tomlinson et al.,
lycopersicum) 2019

Tomato  (Solanum | SIMAPK20 T Defective post- | Chen et al., 2018
lycopersicum) meiotic pollen

development

Tomato  (Solanum | SIMS10 N Male Sterility Jung et al., 2020

lycopersicum)

Apple MdFTL1.1 T Early flowering Charrier et al.,,

(Malus x domestica) 2019

Pear (Pyrus L.) PcFTL1.1 T Early flowering Charrier et al,,
2019

Kiwifruit (Actinidia | ACCEN4, AcCEN T,N Early flowering | Erika et al., 2019

Chinensis) and compact plant

architecture

Tomato (Solanum | SIBOP1, SIBOP2, | T Early flowering | Xu et al., 2016

lycopersicum) SIBOP3 and Inflorescence
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Crop Target genes Transgenic | Traits References
background
simplification
Tomato (Solanum | SIMBP21 T Jointless- Maria et al., 2017
lycopersicum) 2 phenotype
Tomato  (Solanum | SIARF7 T Parthenocarpy Hu et al., 2018

lycopersicum)

Tomato  (Solanum | SIAGL6 T Facultative Chen et al., 2017
lycopersicum) parthenocarpy

Watermelon CIBG1 T Watermelon seed | Wang et al., 2021
(Citrullus lanatus) size|and seed

germination ratet

Cucumber (Cucumis | CsWIP1 N Monoecious Hu et al., 2017

sativus L.) flowers



https://www.sciencedirect.com/science/article/pii/S2468014122000462#bib0050
https://www.sciencedirect.com/science/article/pii/S2468014122000462#bib0028
https://www.sciencedirect.com/science/article/pii/S2468014122000462#bib0133
https://www.sciencedirect.com/science/article/pii/S2468014122000462#bib0049
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Table 2. Applications of CRISPR/Cas9 in ornamental plants

Plant Targeted Gene Trait References
Chrysanthemum CpYGFP Fluorescence Kishi-
moriflorium Kaboshi
et.al. 2017
Dendrobium officinale | C3H, C4H, 4CL, CCR, IRX No mutant Kui et al
phenotype 2017
Japanese Gt5GT, G13'GT, Gt5/3'AT | Flower color change | Tasaki et al
gentians Gentiana 2019
scabra x G. triflora GST1 Flower color change | Tasaki et al
2020
EPH1 Flower longevity | Takahashi et
al 2022
Japanese morning DFR-B Flower color change | Watanabe et
glory Ipomoea nil al 2017
CCD4 Flower color change | Watanabe et
al 2018
EPH1 Flower longevity | Shibuya et al
2018
Lilium longiflorum, LpPDS Photobleaching, Yan et al
L. pumilum albinism 2019
Petunia Petunia hybrida PDS Photobleaching, Zhang et al
albinism 2017
NR Deficiency in nitrate | Subburaj et
assimilation al 2016
Flower longevity
ACO1 Absence of corolla Xu et al
tube venation 2020
AN4 Self-incompatibility | Zhang et al
2021
P. inflata PiSSK1 Sun et al
2018
Phalaenopsis equestris | MADS8, MADS36, MADS44 Long juvenile Tong et al
period 2020
Poinsettia Euphorbia F3'H Change of the bract | Nitarsaka et
pulcherrima color from red to al 2021
reddish orange
Torenia fournieri TfRAD1 Abnormal shape Su et al 2017
and color of flowers
Pale blue flowers
F3H Nishihara et

al 2018
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Conclusion and future perspectives

The CRISPR/Cas9 systems are widely applied in horticultural crops for breeding and trait
improvement. The CRISPR/Cas system optimization accelerates its application in more
crops. Selection of the most active interspecies U6 or U3 promoters for driving sgRNAS
expression and the tissue-specific and strong promoters for driving Cas9 expression should
improve editing efficiency. The SpCas9 variants and orthologs that recognize different PAMs
broaden the genome-wide range of target sites. The STU-Cas9 systems are much more
simplified, compact, and easy to operate for multiple gene editing. Furthermore, efficient
SgRNA design is also required for high editing efficiency. CRISPR/Cas9 vector delivery
methods are dependent on the horticultural species, and the emergence of nanoparticles-based
transformation provides a choice. All the strategies make the CRISPR/Cas system a highly
efficient, accurate, simple, and easy-to-use technology.

The CRISPR/Cas system still has limitations, preventing it from broad application. For
instance, it is difficult for most horticultural woody crops to get homology T-DNA free
mutants through segregation because of the long juvenility to reach sexual maturity, and
some species are incompatible. To get transgene-free edited plants, a gene edit system
containing a heat-shock inducible FLP/FRT recombined with CRISPR/Cas9 expression
cassettes was constructed. The heat-shock inducible FLP/FRT recombination system excises
the exogenous DNA after gene editing (Pompili et al., 2020). This methodology likely
represents a promising method for transgene-free breeding.

The tissue-culture-based plant regeneration efficiencies are very low and time-consuming for
some horticultural crops. Recently, a group developed a strategy that combines the
development regulators (DRs), such as maize Wuschel2 (Wus2) and Arabidopsis SHOOT
MERISTEMLESS (STM) genes, with the gene-editing cassette and introduced into tobacco

seedlings with Agrobacterium, obtaining de novo meristem and target gene-modified shoots

from seedlings (Maher et al., 2020). Another study indicated that the chimeric protein
GROWTH REGULATING FACTOR 4 (GRF4) and its co-factor GRF INTERACTING
FACTOR 1 (GIF1) significantly increase regeneration efficiency in wheat and Citrus. The
combined GRF4-GIF1 with CRISPR/Cas9 achieves 93.7% genetic transformation efficiency
with 33.3% gene editing efficiency in wheat (Debernardi et al., 2020). These two methods are
expected to enable the diffusion and application of gene-editing technology in various

horticultural plants by enhancing the efficiency of genetic transformation. Hence, with


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/juvenility
https://www.sciencedirect.com/science/article/pii/S2468014122000462#bib0099
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/agrobacterium
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/meristem
https://www.sciencedirect.com/science/article/pii/S2468014122000462#bib0082
https://www.sciencedirect.com/science/article/pii/S2468014122000462#bib0034
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optimization and modification of the CRISPR/Cas9 system, its advantages in terms of
simplicity and efficiency will be maximized and allowing its application in research and

breeding of horticultural crops in the future.
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