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Abstract: Genome editing has emerged as a powerful tool for accelerating crop improvement in horticul-
tural crops by enabling precise modifications to their genetic makeup. This review provides an in-depth
exploration of the applications, methodologies, and potential impacts of genome editing in horticulture.
The review focuses on three major genome editing tools in horticulture, CRISPR-Cas9, TALENs, and
ZFNs. The underlying mechanisms, applications, and potential challenges associated with each tool are
discussed in detail. CRISPR-Cas9, being a versatile and widely used system, has the potential to enhance
traits such as disease resistance, abiotic stress tolerance, nutritional content, and yield in horticultural
crops. TALENs and ZFNss, although less commonly used, offer alternative options for targeted DNA
modifications, and have demonstrated success in specific applications. We emphasize the potential
benefits of genome editing in horticulture, including improved crop productivity, quality, and nutritional
value. However, challenges such as off-target effects, delivery methods, and regulatory frameworks need
to be addressed for the full realization of this technology’s potential. This review serves as a valuable
resource for researchers, policymakers, and stakeholders, providing insights into the opportunities and
complexities associated with harnessing genome editing for enhanced traits in horticultural crops. By
navigating these challenges, genome editing can contribute to sustainable advancements in horticulture,
benefiting both producers and consumers worldwide.
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1. Introduction to Genome Editing in Agriculture

Genome editing is a powerful biotechnological tool with transformative potential for
horticultural crops. It involves the precise modification of plant DNA to enhance desired
traits, increase crop yield, and confer resistance to pests, diseases, and environmental
stresses. Molecular tools like CRISPR-Cas9, TALENSs, and ZFNs act as molecular scissors,
allowing for the targeted alteration of specific DNA sequences with unprecedented accuracy.
This technology allows scientists to introduce or enhance beneficial traits in crops, including
disease resistance, improved nutrition, and drought tolerance.

Horticulture is a critical component of global food production and human well-being
as it involves the cultivation and management of plants for food, aesthetics, and medicinal
purposes [1]. Horticultural crops, such as fruits, vegetables, ornamental plants, and medici-
nal herbs, not only contribute to the nutritional needs of populations worldwide but also
enhance the visual appeal of our surroundings. However, the productivity and quality of
horticultural crops face significant constraints due to challenges such as biotic and abiotic
stresses, limited genetic variation, and increasing demands for improved traits [2].
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Plant breeders have employed various techniques, such as hybridization, selection,
and genetic manipulation, to enhance horticultural crops [3]. These approaches have
contributed to improved yield, disease resistance, and other desirable traits [4]. However,
traditional breeding methods have limitations, including long breeding cycles, limited
genetic variation, and complex genetic architectures [5]. Genome editing has emerged
as a transformative technology with the potential to revolutionize crop improvement,
including horticultural crops [6]. By enabling precise modifications in an organism’s DNA,
genome editing offers an efficient method to manipulate specific genes and traits [7]. This
technology holds immense promise for expediting crop improvement, overcoming genetic
barriers, and addressing specific challenges in horticultural crops.

The CRISPR-Cas9 system is widely used as a genome editing tool, utilizing guide RNA
to direct the Cas9 enzyme for precise DNA cleavage and modifications [8]. TALENs and
ZFNs are alternative genome editing tools also utilized in horticultural crop research [9].
These tools enable the precise editing of plant genomes by targeting specific genes as-
sociated with desired traits. CRISPR-Cas9 has proven effective in improving important
traits in various horticultural crops through targeted modifications [10]. By designing
specific gRNAs, researchers can direct the Cas9 enzyme to target genes associated with
traits of interest, including disease resistance, abiotic stress tolerance, nutritional content,
and yield-related characteristics [11]. The precise nature of CRISPR-Cas9 allows for the
introduction of beneficial mutations or targeted gene knockouts, simulating natural genetic
variations and accelerating the breeding process [12].

TALENs and ZFNs, along with CRISPR-Cas9, have been employed in horticultural
crop research as genome editing tools (Figure 1). TALENs and ZFNs utilize engineered
DNA-binding proteins that can be customized to target specific genomic sequences [13].
Similar to CRISPR-Cas9, these tools induce targeted DNA cleavage and subsequent modifi-
cations at the desired genomic sites. TALENs employ DNA-binding domains derived from
transcription activator-like effectors (TALEs), which are naturally occurring proteins in
plant pathogenic bacteria [14]. Engineered TALE domains are utilized to bind specific DNA
sequences and are fused with a nuclease domain to induce DNA cleavage [15]. In contrast,
ZFNs are hybrid proteins that combine engineered zinc finger DNA-binding domains with
the FokI nuclease domain derived from the FoklI restriction enzyme [16]. The zinc finger
domains are designed to recognize targeted DNA sequences, and the Fokl domain cleaves
the DNA at the desired site [17].

These genome editing tools offer researchers the ability to precisely modify genes as-
sociated with desired traits in horticultural crops, facilitating the development of improved
varieties [18]. By utilizing these tools, scientists can expedite the enhancement of traits such
as disease resistance, abiotic stress tolerance, nutritional content, and yield potential. In
this review, we examine the applications, methodologies, and potential impacts of genome
editing tools, including CRISPR-Cas9, TALENS, and ZFNss, in horticultural crops (Table 1).
We analyze the principles, advantages, and limitations of these tools, emphasizing their
contributions to crop improvement.

These genome editing techniques (Table 1) offer precise and efficient methods to
modify the genetic makeup of horticultural crops, leading to desired improvements in
various traits.
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Figure 1. Genome editing in horticulture crops.
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Table 1. Genome editing techniques and their applications in horticultural crops.

Genome Editing Technique

Description

Applications in
Horticultural Crops

References

CRISPR-Cas9

A versatile and widely used
technique for precise DNA editing

Improve yield, disease resistance,
quality traits, and stress tolerance

[19]

TALEN

Transcription activator-like effector

Modify specific genes for
desired traits

[14]

nuclease for targeted editing

Enhance disease resistance,
improve nutritional value, gene [20]
disruption, and gene replacement

Engineered DNA-binding proteins

Zinc Finger Nuclease (ZFNs) for targeted gene editing

2. CRISPR-Cas9 in Horticultural Crops

The CRISPR-Cas9 system has gained prominence for its user-friendly nature, effi-
ciency, and adaptability in genetic manipulation across organisms, including horticultural
crops [21]. Based on bacteria’s defense mechanism against viral infections, CRISPR-Cas9
is a powerful tool [22] that enables precise genome editing in plants. This technology
empowers researchers to target specific genes associated with desirable traits and introduce
modifications to enhance agricultural characteristics [23]. This level of precision allows
for the introduction of advantageous mutations, gene disruption, and the substitution of
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specific DNA sequences, leading to desired alterations in traits such as disease resistance,
abiotic stress tolerance, nutritional composition, and yield-related attributes [24].

Table 2 presents examples of horticultural crops that have undergone genome editing
using the CRISPR-Cas9 technique, along with the specific genes targeted and the resulting
modified genetic traits. These modifications have led to significant improvements in fruit
ripening, disease resistance, flowering time, tuberization, grain quality, and other desirable
characteristics in the respective crops.

Table 2. Horticultural crops subjected to genome editing techniques, modified genetic traits in various

plant species.

Crops Modified Gene(s) Trait/Function Reference

Tomato E8, Phytoene desaturase Enhanced fruit ripening, delayed fruit [25]
(PDS), SIDELLA senescence, reduced plant height
Potato StCDF1 Increased tuberization and yield [26]
Wheat TaGW?2, Puroindoline genes Enhanced thousan(?l grain .welght, improved [27]
grain quality
Citrus CsPDS Improved disease remstan.ce, reduced 28]
ethylene production
Strawberry FaTM6 Petal and stamen development [29]
Grape VYWRKY52, VVWRKY2 Enhanced §hs.ease resistance, improved [30]
abiotic stress tolerance
Brassica oleracea XccR5-89.2 Improved resistance to blackleg disease [31]
. . Polyphenol oxidase . . .
Mushroom (Agaricus bisporus) (PPO) genes Reduced browning and improved shelf life [32]
Banana MaACO1 Promotes the shelf life of banana [33]
Carrot DcCCD4 Different colored taproots in carrots [34]
Strawberry FaGAST1 Increased fruit size [35]
Cucumis melo CmACO1 Extends the shelf-life [36]
Capsicum annuum CaERF28 Anthracnose resistance [37]
Rose RhEIN2 Ethylene insensitivity in rose [38]
Melon elFAE Virus resistance and male sterility [39]
Tomato SIMAPK3 Reduced drought tolerance [40]
Brassica napus FAD2 Catalyzes the desaturation of oleic acid [41]
Kiwifruit AcBFT Reduce plant dormancy [42]
Tomato SIMYC2 Fruit Resistance to Botrytis cinerea [43]
Soybean GmFATB1 Reduce saturated fatty acids [44]
Kiwi fruit AcCBF3 Dwarf plapts and enhanced [45]
freezing tolerance
Sweet Potato IbGBSSI and IbSBEIL Improvement of starch quality [46]
Inducing a visually scorable
Papaya phytoene desaturase (CpPDS) albino phenotype [47]
SmelPPO4, SmelPPO5, . .

Eggplant and SmelPPO6 Reduces fruit flesh browning [48]
Cassava oIFAE Reduces cassava brown streak [49]

disease symptom

The limited genetic diversity in horticultural crops poses challenges for developing
improved varieties with enhanced traits [50]. CRISPR-Cas9 facilitates the accurate intro-
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duction of genetic variations, replicating the genetic diversity observed in wild relatives or
closely related species [51]. Targeted modifications of specific genes or regulatory elements
unlock untapped genetic potential and expand the available variation for crop enhance-
ment [52], fostering the development of resilient, productive, and nutritionally valuable
horticultural crops.

2.1. Structural Components and Mechanisms of CRISPR-Cas9Subsection Applications of CRISPR-Cas9
in Horticultural Crops

The CRISPR-Cas9 system comprises two essential components [53], the Cas9 nuclease
and the guide RNA (gRNA). Together, they enable precise genome editing in horticultural
crops. The Cas9 nuclease consists of a recognition domain, including two RNA-binding
domains and a protospacer adjacent motif (PAM) recognition domain, responsible for bind-
ing to the target DNA sequence [54]. The nuclease domain of Cas9 possesses endonuclease
activity, cleaving the DNA at the target site [55]. This activity is facilitated by the RuvC-like
nuclease domain and the HNH nuclease domain within the Cas9 protein, leading to the
generation of double-strand breaks (DSBs) at the targeted locus [56].

The guide RNA (gRNA) is a synthetic RNA molecule that guides the Cas9 nuclease to
the target DNA sequence. It consists of two components: the CRISPR RNA (crRNA) derived
from the bacterial genome’s CRISPR array, providing the complementary sequence infor-
mation for the target DNA site, and the trans-activating CRISPR RNA (tracrRNA), which
forms a complex with the crRNA, ensuring the assembly and stability of the Cas9-gRNA
complex [7,56,57]. Alternatively, the crRNA and tracrRNA can be combined into a single
gRNA molecule, simplifying the delivery and assembly of the Cas9-gRNA complex [58].

The gRNA guides the Cas9 nuclease to the target DNA sequence which induces
a double-strand break (DSB) at the site complementary to the gRNA sequence, triggering
cellular DNA repair mechanisms. The repair can occur through non-homologous end
joining (NHE]J), resulting in indels that disrupt genes, or through homology-directed repair
(HDR), which accurately repairs the DSB using a template DNA molecule [59-62].

2.2. Applications of CRISPR-Cas9 in Horticultural Crops
2.2.1. Trait Modification

The CRISPR-Cas9 system enables the precise modification of genes associated with de-
sired traits in horticultural crops, including disease resistance, abiotic stress tolerance, fruit
quality, nutritional composition, aroma, color, and post-harvest shelf life. Its application
has successfully enhanced disease resistance in crops such as tomato, providing improved
defense against pathogens like powdery mildew and bacterial spot [63].

CRISPR-Cas9 technology has been applied to combat powdery mildew, a destructive
fungal disease that poses a significant threat to grapevines. Researchers targeted and
modified the MLO (Mildew Resistance Locus O) gene in grapevines using CRISPR-Cas9,
resulting in the development of powdery-mildew-resistant grape varieties. This study
demonstrates the potential of CRISPR-Cas9 as a powerful tool for engineering disease-
resistant grapes, highlighting its relevance in horticultural crop improvement [64].

Scientists utilized CRISPR-Cas9 technology to enhance resistance against Tomato
Mosaic Virus (ToMV) in tomato crops. By targeting and modifying the elF4E (eukaryotic
translation initiation factor 4E) gene, a crucial player in ToMV infection, they successfully
generated tomato plants with robust resistance to ToMV. This study highlights the efficacy
of CRISPR-Cas9 as a transformative tool for engineering virus-resistant tomato varieties,
showcasing its potential for advancing horticultural crop improvement [65].

CRISPR-Cas9 system was used to enhance resistance against citrus canker, a destruc-
tive bacterial disease affecting citrus crops. By precisely targeting and modifying the
susceptibility gene CsLOBI, they successfully generated citrus trees with increased resis-
tance to citrus canker infection. This study demonstrates the transformative potential of
CRISPR-Cas9 as a tool for developing disease-resistant citrus varieties, contributing to the
advancement of horticultural crop protection strategies [66].
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2.2.2. Gene Knockout

The CRISPR-Cas9 system enables precise disruption or knockout of target genes by
inducing site-specific DNA double-strand breaks (DSBs), initiating error-prone DNA repair
mechanisms. This technique has been extensively utilized to study gene function through
the generation of loss-of-function mutants. Gene knockouts provide valuable insights into
the roles of specific genes in various aspects of horticultural crop development, such as
metabolism and responses to biotic and abiotic stresses [67].

The CRISPR-Cas9 system was employed to perform a gene knockout of CHS (chalcone
synthase) in petunia plants. CHS is a crucial enzyme involved in flavonoid biosynthesis.
The disruption of CHS led to significant alterations in pigment production, offering valu-
able insights into the functional importance of flavonoids in determining petunia flower
coloration. This study contributes to a deeper comprehension of the regulatory mecha-
nisms governing pigmentation in petunias and highlights the potential of CRISPR-Cas9
as a powerful tool for investigating specific gene functions related to horticultural crop
traits [68].

In a study, CRISPR/Cas9 technology is employed to specifically target and modify
the FaPG1 gene in strawberry plants. The FaPG1 gene encodes the polygalacturonase
enzyme, which plays a critical role in pectin degradation and fruit softening. By utiliz-
ing Agrobacterium tumefaciens-mediated delivery, the researchers successfully generated
FaPG1 knockout strawberry plants with modified gene function. This investigation show-
cases the significant potential of CRISPR/Cas9 as a potent tool for manipulating genes
associated with fruit ripening, offering promising opportunities for enhancing fruit firmness
in strawberry crops [69].

The CRISPR-Cas9 system was utilized to perform a gene knockout of the PSY1 gene,
which is a vital enzyme involved in the biosynthesis of lycopene in tomatoes. This targeted
disruption led to tomatoes with decreased lycopene content, offering valuable insights into
the regulatory mechanisms governing carotenoid biosynthesis in tomatoes. The research
highlights the efficacy of CRISPR-Cas9 in elucidating the molecular pathways associated
with desirable traits in horticultural crops [70].

2.2.3. Gene Activation/Suppression

Through the CRISPR-Cas9 system, gene expression can be meticulously modulated
by directing its action to gene promoters or regulatory elements. This capability allows
for the selective activation or suppression of specific genes. This approach facilitates
desired alterations in crop phenotypes by manipulating key genes associated with diverse
biological processes. Researchers have effectively utilized CRISPR-Cas9 to enhance lettuce
yield by activating crucial growth-related genes, highlighting the potential of this technique
for precise gene regulation in horticultural crops [71].

Nitarska et al. [72] utilized CRISPR-Cas9 to activate endogenous F3'H gene expression
in poinsettia (Euphorbia pulcherrima) plants. The introduction of a transcriptional activator
through CRISPR-Cas9 led to enhanced F3'H gene expression, resulting in a change in bract
color from vivid red to vivid reddish orange.

The study by Huang et al. [73] utilized CRISPR-Cas9 to suppress SIEIN2 gene ex-
pression in tomatoes by inducing small deletions in its promoter region. This resulted
in reduced expression of SIEIN2 and delayed fruit ripening, highlighting the potential of
CRISPR-Cas9 for gene suppression and extending tomato shelf life.

In a study, Huynh [74] employed CRISPR-Cas9 to activate the expression of the
ZmDREB2A gene in maize plants. By introducing a transcriptional activator, they enhanced
the expression of ZmDREB2A, a gene crucial for drought stress response. Consequently, the
edited maize plants exhibited improved drought tolerance, as indicated by higher survival
rates and enhanced growth in water-deficit conditions.
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2.2.4. Genome Engineering for Crop Domestication

The utilization of CRISPR-Cas9 presents a valuable tool for the process of crop domesti-
cation, facilitating the rapid modification of wild or underutilized plant species with the aim
of transforming them into potential horticultural crops. This innovative approach enables
researchers to introduce precise genetic alterations associated with desirable agronomic
traits, including but not limited to diminished bitterness, enhanced nutritional composition,
and increased yield potential. Notably, the application of CRISPR/Cas9 technology has
been investigated in crops such as watermelon, wherein targeted mutagenesis of the CIBG1
gene through CRISPR/Cas9 resulted in a reduction in seed size and an augmentation of
seed germination [75].

In the context of crop domestication, seed dormancy, an innate mechanism that im-
pedes germination under unfavorable conditions, has been subjected to negative selection.
To investigate the regulation of seed dormancy in tomatoes, researchers utilized the CRISPR-
Cas9 technology specifically to target Lycopen and modify the DELAY OF GERMINATION
1 (DOG1) gene, a key regulator in this process. By disrupting the DOG1 gene, they suc-
cessfully induced the loss of seed dormancy in tomato plants, resulting in a phenotype
resembling non-dormant characteristics observed in cultivated tomato varieties [76].

In the process of rice domestication, the acquisition of non-shattering seeds, a key
trait favorably selected through human intervention, has significantly facilitated harvesting
practices. To investigate the underlying molecular mechanism, researchers employed the
CRISPR-Cas9 system to precisely target and modify the SH4 (SHATTERING4) gene in
rice plants. By introducing specific mutations in the SH4 gene, they successfully achieved
areduction in seed shattering and enhanced the ease of harvesting, effectively recapitulating
the non-shattering phenotype observed in domesticated rice varieties [77].

The MdERF3 (Ethylene Response Factor 3) gene, which encodes a crucial transcription
factor involved in the regulation of fruit ripening and softening in apple plants, was
specifically targeted by researchers. By employing CRISPR-Cas9 technology to introduce
targeted disruptions in the MAERF3 gene, they achieved successful modulation of fruit
ripening, resulting in delayed ripening and extended post-harvest shelf life of apples. This
study highlights the potential of CRISPR-Cas9-mediated gene editing as a viable strategy
for improving post-harvest characteristics in apple crops, providing insights for future
advancements in apple breeding and cultivation [78].

2.2.5. Genome Editing for Quality Improvement

CRISPR-Cas9 offers the potential to enhance the quality attributes of horticultural
crops by modifying genes related to flavor, nutritional content, texture, aroma, and color.
Researchers have successfully utilized this technology to target genes associated with
anthocyanin biosynthesis, resulting in the development of novel colors in flowers and
fruits, thereby improving their sensory and nutritional qualities.

In a study, FAD2-1A and FAD2-1B genes were targeted in soybeans, which play a role
in the conversion of oleic acid to linoleic acid, impacting oil composition and nutritional
quality [79]. Through CRISPR-Cas9-mediated small insertions or deletions in these genes,
they successfully enhanced the oleic acid content, thereby reducing levels of saturated fats
and improving the nutritional quality of soybean oil [80].

Similarly, in a research study published in Nature Biotechnology [81], targeted vita-
min C biosynthesis-related genes, including GDP-L-galactose phosphorylase (GGP) and
L-galactono-1,4-lactone dehydrogenase (GLDH), in tomatoes. By employing CRISPR-Cas9,
they successfully knocked out these genes, leading to tomato plants with increased vita-
min C content and improved nutritional value. Likewise, Liu et al. [82] focused on the
MaMADS1 gene, which governs fruit ripening and softening in bananas, to address the
prevalent challenges of browning and deterioration in harvested bananas. Through the
application of CRISPR-Cas9, they effectively disrupted this gene, resulting in delayed
fruit ripening, prolonged shelf life, enhanced quality, and reduced post-harvest losses
of bananas.
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2.3. Potential Challenges Associated with CRISPR-Cas9 in Horticultural Crops
2.3.1. Off-Target Effects

The potential for off-target effects is a significant concern associated with CRISPR-
Cas9, as described by Manghwar et al. [83]. These effects arise when the Cas9 nuclease
unintentionally cleaves DNA sequences that bear similarity, but not exact identity, to the
intended target site. Such off-target effects can result in unintended genetic modifications,
potentially causing unpredictable consequences for the crop’s phenotype and genomic
stability [84]. Current endeavors focus on improving gRNA design and enhancing the
specificity of Cas9 to minimize off-target effects.

The occurrence of off-target effects during CRISPR-Cas9 gene editing can be influenced
by multiple factors, as discussed by Manghwar et al. [83]. These factors include the
similarity between the target site and off-target sites, the length and structure of the gRNA,
the efficiency of the Cas9 enzyme, and the delivery method employed. To minimize off-
target effects, researchers employ various strategies, including the careful selection of target
sites with minimal genomic similarities, the design of highly specific gRNAs, optimization
of Cas9 enzyme activity, and the utilization of advanced bioinformatics tools for predicting
potential off-target sites [85].

Various methods, including whole-genome sequencing, targeted deep sequencing, and
computational analysis, are utilized to detect and evaluate off-target effects of CRISPR-Cas9
gene editing [86]. These approaches aid researchers in assessing the specificity of CRISPR-
Cas9 editing and identifying potential off-target modifications. Significantly, progress has
been achieved in enhancing the specificity of CRISPR-Cas9 over the years. Development of
Cas9 variants with improved fidelity, such as high-fidelity Cas9 (HiFi Cas9) and enhanced-
specificity Cas9 (eSpCas9), has enabled the reduction of off-target effects while maintaining
editing efficiency [87].

2.3.2. Delivery and Transformation Efficiency

The efficient delivery of CRISPR-Cas9 components into plant cells is essential for
achieving successful genome editing. However, the transformation process for horticul-
tural crops can be particularly challenging, especially in recalcitrant species or those with
complex genomes [88]. Ongoing research focuses on improving delivery methods and en-
hancing transformation efficiency to facilitate broader applications of CRISPR-Cas9 across
diverse horticultural crops [11].

Agrobacterium tumefaciens serves as a widely employed method for delivering CRISPR-
Cas9 components into plant cells [89]. This approach involves introducing the CRISPR-Cas9
system into Agrobacterium, which subsequently infects plant tissues, facilitating the transfer
of genetic material and enabling the delivery of CRISPR-Cas9 into the plant genome [90].
The efficiency of CRISPR-Cas9 delivery and transformation is influenced by several factors,
including the choice of delivery method, plant species, tissue type, regeneration protocols,
and the specific components of the CRISPR-Cas9 system. Optimization of these factors,
along with the appropriate selection and design of target sequences, can enhance the
transformation efficiency in horticultural crops [91].

Efficient transformation in horticultural crop species is influenced by species-specific
requirements, including tissue culture protocols, regeneration capacity, and susceptibility
to transformation methods, necessitating customized approaches for each species [92].
Furthermore, within a particular crop species, variations in transformation efficiency can
be observed among different genotypes or cultivars [93]. While some genotypes exhibit
higher amenability to transformation, others may present challenges, requiring further
optimization and the utilization of tailored genetic transformation strategies [94].

Each delivery method for CRISPR-Cas9 exhibits specific limitations [95]. For example,
Agrobacterium-mediated transformation may be ineffective in certain crops or tissue types,
whereas particle bombardment can lead to random DNA integration and low transforma-
tion efficiency [96]. Certain horticultural crop genotypes inherently pose challenges for
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transformation due to their low regeneration capacities or high levels of tissue browning or
necrosis [97].

2.3.3. Off-Target Effects in Non-Coding Regions

Although protein-coding genes are the primary targets in many studies, non-coding re-
gions of the genome are essential for gene regulation and plant development [98]. Off-target
effects occurring in these regions have the potential to influence gene expression and regu-
latory networks, leading to unintended changes in plant physiology and development [99].
Therefore, conducting analysis and gaining a thorough understanding of potential off-
target effects in non-coding regions is crucial to mitigate unintended alterations in gene
regulation [100].

The identification of potential off-target sites in non-coding regions presents challenges
due to the larger number of possible target sites compared to coding regions [101]. While
bioinformatics tools are commonly used for predicting off-target sites, their accuracy may
be lower for non-coding regions [102]. The presence of repetitive sequences and structural
variations in the genome further complicates off-target prediction [103]. Unlike modifica-
tions in coding regions that directly impact gene function, the functional consequences
of alterations in non-coding regions are often less evident [104]. Non-coding regions
encompass regulatory elements, enhancers, promoters, and other essential regulatory
sequences [105].

Non-coding regions play crucial roles in gene expression regulation and coordination
of complex gene networks [106]. Modifying these regions can disrupt regulatory networks,
impacting multiple genes and pathways beyond the intended target [107]. Understanding
the full extent of these cascading effects is challenging and necessitates analyzing gene
expression profiles and regulatory interactions. Off-target effects in non-coding regions may
not always result in observable phenotypic changes, but they can contribute to phenotypic
variability within edited plant populations [108]. Unintended consequences may manifest
as altered growth patterns, changes in secondary metabolite profiles, or variations in
stress responses [109]. Characterizing and comprehending these unintended effects can be
intricate and requires extensive phenotypic analysis.

Various strategies have been utilized to mitigate off-target effects, such as selecting target
sites with minimal similarity to non-coding regions, employing advanced bioinformatics
tools for off-target prediction, and optimizing guide RNA design to enhance specificity [102].
Nevertheless, complete elimination of off-target effects remains challenging, necessitating
ongoing enhancements in CRISPR-Cas9 technologies to minimize their occurrence.

2.3.4. Inheritance and Segregation of CRISPR-Edited Traits

Achieving the stable inheritance of CRISPR-edited traits through sexual reproduction
in horticultural crops poses challenges [110]. Ensuring the presence of edited traits in germ
cells and their reliable transmission to subsequent generations is essential [111]. To enhance
the inheritance and segregation of CRISPR-edited traits, strategies such as screening and
selection of edited lines, as well as the investigation of gene drive systems, are being
explored [110].

Attaining extensive and efficient editing of all target sites in every plant cell poses
challenges [112]. In certain cells, successful editing may not occur, leading to a mixture of
edited and unedited cells within a single plant. This variation can result in diverse trait
expression and inheritance patterns [113].

The CRISPR-Cas9 system utilizes DNA double-strand breaks (DSBs) to achieve tar-
geted modifications [114]. Repair mechanisms are involved in mending the breaks, but
errors can occur, leading to chromosomal rearrangements or translocations [115]. These
genomic rearrangements can impact the inheritance patterns of edited traits and have
unintended consequences for the stability and productivity of horticultural crops [116]. The
genetic background of horticultural crops plays a role in the expression and inheritance of
edited traits [117]. The presence of other alleles or genetic variations in the plant genome
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can modify the phenotypic outcomes and inheritance patterns of edited traits [118]. Under-
standing and considering these background effects are crucial for the accurate prediction of
trait inheritance.

Researchers utilize backcrossing, selfing, and extensive genotyping to stabilize and val-
idate the inheritance patterns of edited traits [119]. Advancements in genomics, molecular
breeding, and genetic analysis methods aid in addressing these challenges and promoting
the efficient inheritance and dissemination of desired traits in horticultural crops edited
using CRISPR-Cas9.

2.4. Advancements in CRISPR-Cas9 to Overcome Initial Limitations

The initial implementation of CRISPR-Cas9 in horticultural crop genome editing
encountered challenges related to off-target effects, resulting in unintended genetic modifi-
cations [120]. To address this limitation, significant progress has been made in developing
improved Cas9 variants [121]. High-fidelity Cas9 and Cas9 nickase have been engineered to
exhibit reduced off-target effects while maintaining efficient on-target editing [121]. More-
over, refined computational tools have been employed to enhance off-target prediction,
enabling the better identification of potential off-target sites and guiding target selection
for safer genome editing [122]. Enhancing specificity has been another crucial focus in
CRISPR-Cas9 advancements for horticultural crop improvement [123]. Various research
has explored alternatives to Cas proteins, such as Cas12a, which offer distinct protospacer
adjacent motif (PAM) specificities, expanding the target range for precise editing [124].
Additionally, the development of base editors has allowed for the direct conversion of
specific DNA bases without the need for double-strand breaks, further improving the
precision of CRISPR-Cas9 editing and minimizing unintended mutations [125].

The utilization of viral vectors and nanoparticles has shown promise in enhancing
the successful delivery of CRISPR-Cas9 machinery into different horticultural crops [126].
Furthermore, the optimization of tissue culture protocols and transformation techniques
tailored to specific crop species has contributed to more effective editing outcomes in
a wide range of horticultural crops [127]. These advancements in CRISPR-Cas9 technology
have significantly addressed the initial disadvantages, enhancing its precision, specificity,
and delivery capabilities for precise genome editing in horticultural crops. The continued
progress in CRISPR-Cas9 holds tremendous potential for revolutionizing crop improvement
and promoting sustainable agricultural practices.

3. TALENS (Transcription Activator-like Effector Nucleases)

TALENS, along with CRISPR-Cas9, are widely employed as genome editing tools for
precise gene modifications in horticultural crops [114]. TALENs are engineered nucleases
capable of inducing double-strand breaks (DSBs) at specific DNA sequences, enabling
targeted gene editing [128]. Comprising a customizable DNA-binding domain derived
from transcription activator-like effectors (TALEs) and a nuclease domain typically derived
from the Fokl endonuclease, TALENS offer a dual-component design [129].

The DNA-binding domain of TALENS is constructed using multiple repeats of TALEs,
each recognizing a specific nucleotide in the target DNA sequence [130]. These TALEs
consist of repeat units typically containing 33-35 amino acids in a central repeat region [131].
The specificity of TALENS is achieved through customizable repeat variable di-residues
(RVDs) within each repeat unit, where different RVDs recognize different nucleotides,
enabling the design of highly specific TALENs [132].

The nuclease domain of TALENS is derived from the Fokl endonuclease, which
requires dimerization for its DNA cleavage activity [133]. TALENSs are designed as pairs,
with each TALEN targeting one DNA strand [134]. Upon binding to their target sites, the
FokI nuclease domains of the TALENs dimerize, forming a functional nuclease complex
that induces double-strand breaks (DSBs) at the target site [135].
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3.1. Applications of TALENs in Horticultural Crops
3.1.1. Gene Knockout

TALENS enable targeted disruption of genes through induced double-strand breaks
(DSBs), allowing for gene knockout or loss-of-function mutations. This approach facil-
itates the investigation of gene function and the identification of genes associated with
diverse horticultural traits. TALENs were utilized to knockout the SIAN2 gene in tomatoes,
elucidating its functional role in fruit ripening. The generated SIAN2 knockout mutants
exhibited delayed fruit ripening and modified fruit quality [136].

TALENSs have been utilized for gene knockout in citrus crops, specifically targeting
disease resistance-related genes. In a study on Xanthomonas citri, the disruption of the
CsLOBI gene using TALENS resulted in enhanced resistance to citrus canker disease [137].
Similarly, TALENs have been employed in grapevine to study gene function, with a specific
focus on disease resistance. By targeting the VVWRKY52 gene, researchers successfully
generated VVWRKY52 knockout mutants using TALENSs, shedding light on its involvement
in plant defense responses [138].

3.1.2. Gene Editing

TALENS enable precise gene editing through targeted DSB induction at specific sites,
facilitating the insertion, deletion, or replacement of DNA sequences in horticultural
crops, thereby enabling desired genetic modifications [139]. TALENSs have been utilized
to introduce targeted mutations in the StCDF1 gene of potato plants, resulting in altered
tuberization patterns and flowering time [140].

3.2. Limitations of TALENSs in Horticultural Crops
3.2.1. Design Complexity

The design and assembly of TALENSs can be laborious and technically demanding,
making them less scalable and limiting their widespread adoption in horticultural crop
research, in contrast to the more accessible and versatile CRISPR-Cas9 system [13,141].
The process of TALENs involves identifying the specific DNA-binding domain and assem-
bling the corresponding RVDs for sequence-specific recognition [142,143]. The assembly of
TALEN constructs requires multiple cloning steps, which can be prone to errors and ineffi-
ciencies, resulting in lower transformation efficiency or difficulties in obtaining functional
TALEN constructs [134,144].

The recognition mechanism of TALENS relies on their RVDs, which bind to specific
nucleotides, limiting their flexibility in targeting certain DNA sequences [145]. Targeting
repetitive or GC-rich regions poses challenges for TALENS, as designing specific RVDs for
such sequences may be difficult [146]. Despite generally higher target specificity compared
to previous genome editing tools, TALENS can still exhibit off-target effects attributed to
partial complementarity between the TALEN and unintended DNA sequences [83,128].

3.2.2. Delivery and Transformation Efficiency

Efficient delivery and transformation of TALENS in horticultural crops, particularly
recalcitrant species, pose challenges [110]. Attaining stable integration and high transforma-
tion efficiencies of TALEN constructs in the plant genome is crucial for successful genome
editing [147]. Optimization of delivery methods and transformation protocols is essential
to address these limitations.

TALEN delivery and transformation efficiency vary among plant species, with some
exhibiting higher rates of success while others pose challenges [148,149]. Optimization and
evaluation of TALEN delivery and transformation efficiency are necessary for each specific
horticultural crop [150]. Genetic variation within a crop species and tissue specificity can
also influence the efficiency of TALEN delivery and transformation [93,151,152].

TALEN-mediated transformations can result in off-target mutations and mosaicism, af-
fecting the efficiency and reliability of the process [153,154]. Careful screening and selection
of transformed plants are necessary to address these effects [155]. Ongoing efforts focus on
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enhancing TALEN delivery and transformation efficiency in horticultural crops through
protocol optimization, tissue-specific methods, and technological advancements [156].

3.3. Advancements in TALENs to Overcome Limitations in Horticultural Crops

The initial development of TALENs encountered challenges related to the complex
and time-consuming process of assembling custom-engineered TALE repeat arrays for
recognizing specific DNA sequences. In response, researchers have made significant
progress in developing modular and simplified TALE repeat architectures [145]. These
advancements have streamlined the design process, enabling the more efficient construction
of TALENS targeting various DNA sequences in horticultural crops [157].

In line with CRISPR-Cas9, improved delivery methods have been employed to enhance
the efficiency of TALEN delivery into plant cells [114]. Viral vectors and nanoparticles have
been explored as effective delivery tools, facilitating successful genome editing in a diverse
range of horticultural crops [158]. These advancements in TALEN design and delivery
have significantly addressed the initial limitations, making TALENs a more accessible
and versatile genome editing tool for horticultural crop improvement. The continued
progress in TALEN technology holds great potential for accelerating precision breeding
and promoting sustainable agriculture.

4. ZFNs (Zinc Finger Nucleases)

ZFNs, an engineered nuclease class, have been utilized for genome editing in hor-
ticultural crops [159]. Comprising two main components, ZFPs and a nuclease domain
from FoklI endonuclease, ZFNs exhibit sequence-specific DNA recognition [160,161]. Each
zinc finger module, approximately 30 amino acids in length, targets three DNA bases, and
multiple modules enable precise targeting of specific DNA sequences [162,163]. ZFNs are
employed in pairs, with each ZFN targeting one DNA strand [164]. The binding of the ZFNs
to their target sites leads to Fokl nuclease domain dimerization, generating a functional
nuclease complex that induces double-strand breaks (DSBs) at the target site [135].

4.1. ZFNs and Their Applications

Zinc finger nucleases (ZFNs) enable targeted mutations through ZFN-mediated site-
specific mutagenesis, leveraging non-homologous end joining (NHE]) repair mechanisms for
introducing mutations [165,166]. The successful targeting of both transgene and native se-
quences has been demonstrated in plant species like Arabidopsis and tobacco [165,166]. ZFNs
have also been applied to remove transgenes in tobacco plants via NHE]-mediated repairs,
leading to truncated modifications at the targeted sites and transgene elimination [167].

ZFNs, when co-delivered with donor DNA molecules, have shown the capacity
to induce site-specific homology-directed repair (HDR) in tobacco and corn (Zea mays)
plants, facilitating accurate integration of the donor DNA into their genomes [168,169].
Zinc finger nucleases (ZFNs) have demonstrated their potential as powerful tools for site-
specific mutagenesis in tobacco and corn cells, inducing targeted mutations. This feature
enhances gene discovery and facilitates crop plant development. Efficient expression of
ZFNs in regenerating cells or tissues is essential for successful site-specific mutagenesis. In
Arabidopsis, transgenic strategies have been utilized to achieve high ZFN expression levels
in shoot apical meristem L2 cells, leading to the generation of mutated seeds.

Various strategies have been employed to ensure efficient expression of ZFNs in trans-
genic Arabidopsis plants. Inducible stable expression systems, such as those activated
by heat shock or estrogen, have been utilized [165,170,171]. These systems enable con-
trolled induction of ZFN expression at specific time points. Additionally, constitutive
expression of ZFNs, where ZFNs are continuously expressed, has been implemented [172].
Both approaches have proven successful in driving the expression of ZFNs in transgenic
Arabidopsis plants, facilitating efficient site-specific mutagenesis.



Horticulturae 2023, 9, 884

13 of 23

4.2. Challenges Associated with ZFNs in Horticultural Crops

Designing ZFNs entails the custom engineering of DNA sequence-specific zinc finger
proteins (ZFPs), a process that demands expertise in protein engineering and DNA binding
specificity [173]. This design complexity hampers the widespread adoption of ZFNs and
restricts their applicability to a broader spectrum of target sequences in horticultural
crops [174].

The complex genomes of horticultural crops, characterized by repetitive sequences
and high heterozygosity, pose challenges in identifying unique and suitable target sites for
ZFN binding [175]. Repetitive sequences increase the risk of off-target effects, necessitating
meticulous design and validation of ZFNs [176]. Furthermore, horticultural crops often
possess gene families with closely related members, requiring careful selection of ZFNs
to target specific members without affecting others. Sequence analysis and bioinformatics
tools aid in identifying unique target sites within gene family members [177].

The effective delivery of ZFNs into plant cells is essential for achieving successful
mutagenesis [178]. However, the diverse cell types, tissue structures, and cell wall compo-
sitions in horticultural crops can present challenges in delivering ZFNs to specific cells or
tissues [179]. Tailoring delivery methods, such as Agrobacterium-mediated transformation
or particle bombardment, to each crop is necessary for efficient delivery [180].

4.3. Advancements in ZFNs Overcoming Challenges in Horticultural Crop Genome Editing

The early development of ZFNs faced challenges due to the custom engineering
required for recognizing specific DNA sequences, leading to complexities in the design
process [181]. To address this limitation, researchers have made significant strides in the
advancement of modular ZFN platforms [182]. These platforms offer increased design
flexibility, allowing for the targeting of various DNA sequences with reduced design
complexity [145]. By adopting modular ZFN architectures, the design process has been
streamlined, facilitating the construction of ZFNs tailored to diverse target sites in horticul-
tural crops [183].

Similar to CRISPR-Cas9 and TALENSs, enhanced specificity has been a primary focus
in the advancements of ZFNs for horticultural crop genome editing. Researchers have
made improvements in target site selection algorithms and ZFN architecture modifications
to achieve greater specificity [184]. These developments have resulted in reduced off-target
effects, enhancing the precision and safety of ZFN-mediated genome editing in horticultural
crops. The continuous progress in ZFN technology has addressed the initial challenges
encountered during its development, making ZFNs a valuable and versatile tool for precise
genome editing in horticultural crop improvement [185]. The refined design strategies and
improved specificity hold promising potential for accelerating genetic improvement in
crops and contributing to sustainable agriculture.

5. Regulatory and Ethical Considerations

Genome editing has emerged as a promising approach for sustainable agriculture and
crop enhancement, aiming to create transgene-free plants [186]. However, to ensure respon-
sible and safe utilization of this technology, it is imperative to address key regulatory and
ethical aspects. As genome editing advances, a thorough understanding of international
regulations, regional policies, and ethical implications becomes essential in promoting its
widespread adoption for crop improvement in agriculture.

5.1. Regulatory Frameworks for Genome-Edited Crops

Genome editing techniques like CRISPR-Cas9, TALENs, and ZFNs have sparked
inquiries regarding the regulatory status of genome-edited crops and the definition of Ge-
netically Modified Organisms (GMOs) [187]. Different regions employ varied approaches
to govern these crops, impacting their commercialization, import/export, and release. The
challenges of classifying genome-edited crops under existing GMO regulations necessitate
harmonization efforts for consistent global oversight [188].
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In Europe, stringent GMO regulations are implemented, following a precautionary
approach to assess the potential risks associated with genetically modified crops [189].
Genome-edited crops generally face the same regulations as transgenic GMOs, irrespec-
tive of the absence of foreign DNA [190]. Approval and commercialization of genome-
edited crops necessitate thorough safety assessments and strict regulatory adherence [191].
Conversely, the United States adopts a product-focused regulatory approach rather than
a process-based one for genome-edited crops [192]. If the final product lacks foreign
DNA or if the introduced changes could have occurred through conventional breeding,
the crop may not be categorized as a GMO [193]. However, regulatory status may vary
depending on the specific genetic modifications introduced [194]. Regions such as Asia,
Africa, and Latin America exhibit diverse GMO regulations and stances on genome-edited
crops [195,196]. Some countries align with Europe’s strict regulations, while others follow
the product-based approach of the United States [197].

5.2. Safety Assessment and Risk Analysis

The safety evaluation of genome-edited crops constitutes a pivotal aspect of regulatory
deliberations [198]. It is imperative to conduct thorough assessments to examine off-target
effects and unintended consequences arising from genome editing, ensuring the absence of
unforeseen alterations in the plant’s genome [199]. Environmental and ecological impact
evaluations are indispensable in gauging potential ecological risks linked to the release of
genome-edited crops into the environment [200]. Furthermore, detailed studies focusing on
the potential allergenicity and toxicity of edited crops are essential to ensure consumer safety.

5.3. Public Perception and Ethical Considerations

The public perception of genome-edited crops exerts a considerable influence on their
acceptance and widespread adoption [201]. Ethical considerations surrounding genetic
modification and the perceived risks associated with genome editing can significantly
impact societal acceptance [202]. To address these concerns effectively, transparent com-
munication and active engagement with the public, stakeholders, and policymakers are
crucial [203]. Establishing trust through open dialogue is essential for addressing ethical
issues related to genome editing in plants.

5.4. International Harmonization and Collaboration

The international harmonization of regulations and inter-country collaboration are
pivotal for enabling the smooth movement and trade of genome-edited crops across bor-
ders [204]. Promoting open dialogue and data sharing among regulatory entities facilitates
efficient risk assessments and well-informed decision-making processes [205]. Standardiz-
ing protocols for the detection and identification of genome-edited crops is beneficial in
ensuring that accurate labeling and traceability measures are in place [206].

6. Future Prospects of Genome-Edited Crops in Horticulture

Genome editing holds promise for developing disease-resistant horticultural crops,
reducing reliance on pesticides, and mitigating crop losses [207,208]. By targeting and
modifying genes associated with disease susceptibility, crops can be engineered to enhance
resilience against pathogens [208]. Climate change impacts horticultural crops through
increased temperatures, droughts, and extreme weather events, affecting productivity [209].
Genome editing enables the enhancement of abiotic stress tolerance by modifying stress re-
sponse genes, fostering crop adaptation to adverse environmental conditions, and ensuring
food security [210,211].

Genome editing offers the potential for enhancing the nutritional content of horti-
cultural crops by precisely modifying genes involved in nutrient uptake, synthesis, and
metabolism [212]. This can result in crops with elevated levels of essential vitamins,
minerals, and beneficial compounds, addressing malnutrition and promoting human
health [180,213]. Targeting genes associated with plant architecture, flowering time, and
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fruit development can improve yield and productivity in horticultural crops [214]. The
optimization of these traits can lead to crops with increased yields, extended shelf life, and
improved quality, meeting the global demand for food [215].

Genome editing enables the creation of novel horticultural crop varieties with im-
proved traits that surpass traditional breeding methods [216]. Precise genetic modifications
result in unique plant characteristics, enhancing flavor, color, aroma, and other desirable at-
tributes, appealing to consumer preferences and expanding market opportunities [217,218].
Genome-edited crops contribute to sustainable agriculture by reducing chemical inputs,
improving resource-use efficiency, and enhancing stress tolerance, thus minimizing envi-
ronmental impacts associated with conventional practices [219]. This fosters sustainable
and environmentally friendly horticultural production systems.

7. Conclusions

In this review, we investigated the applications, methodologies, and potential im-
pacts of genome editing in horticulture, focusing on CRISPR-Cas9, TALENs, and ZFNs
as promising tools. CRISPR-Cas9, with its versatility and efficiency, has revolutionized
horticultural crop improvement by enabling precise modifications targeting genes asso-
ciated with disease resistance, abiotic stress tolerance, nutrition, and yield. Challenges
such as off-target effects, delivery methods, and regulatory considerations need attention
to fully exploit CRISPR-Cas9’s potential. TALENs and ZFNs offer alternative options with
successful applications in specific contexts. The benefits of genome editing in horticul-
tural crops are substantial, encompassing disease protection, stress resilience, nutrition
enhancement, and increased yield for food security. Addressing limitations, challenges,
and ethical considerations will facilitate the sustainable and impactful implementation of
genome editing in horticulture, benefiting stakeholders at various levels.
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