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Abstract　Kiwifruit is a globally significant economic and nutritional crop, but its breeding faces numerous challenges, including the need for improvements in yield, quality, and stress resistance traits. In recent years, the application of CRISPR/Cas9 technology in crop genetic improvement has demonstrated immense potential, providing a novel technical pathway for optimizing kiwifruit traits. This review systematically summarizes the research progress on key traits and their genetic basis in kiwifruit, with a focus on the application of CRISPR/Cas9 technology in kiwifruit breeding, including functional studies of key trait-related genes and case studies on trait improvement through gene editing. The study explores the technical bottlenecks of CRISPR/Cas9 technology in kiwifruit, such as off-target effects, editing efficiency, and genetic stability, and summarizes methods for improving editing efficiency and the prospects of applying novel Cas variants. Additionally, this review integrates the latest achievements in multi-omics studies, elucidating the role of genomics, transcriptomics, and epigenomics data in precision gene editing and proposing strategies for integrating gene editing with traditional breeding approaches. This review provides a comprehensive theoretical foundation for the research and application of CRISPR/Cas9 technology in kiwifruit, offering practical guidance for developing high-quality kiwifruit varieties with enhanced market competitiveness.
Keywords　Kiwifruit; CRISPR/Cas9; Gene Editing; Trait Improvement; Multi-omics Integration; Breeding Strategy

1 Introduction
Kiwifruit, belonging to the Actinidia genus, is a crop of significant economic and nutritional value globally. Originating from China, it has become a staple in countries like New Zealand, Italy, and Chile due to its rich content of vitamins C, E, and K, which contribute to its high nutritional profile (Zhou et al., 2020). The expansion of kiwifruit cultivation has been driven by the development of new cultivars and improved agricultural practices, making it a vital component of the global fruit market.

Despite its economic importance, kiwifruit breeding faces several challenges. Traditional breeding methods are often time-consuming and inefficient, particularly in addressing traits such as disease resistance, fruit quality, and plant architecture (Fizikova et al., 2021). The long juvenile phase and dioecious nature of kiwifruit further complicate breeding efforts, necessitating innovative approaches to accelerate the development of improved varieties.

CRISPR/Cas9 technology offers a promising solution for precise genetic improvement in kiwifruit. This genome-editing tool allows for targeted mutagenesis, enabling the modification of specific genes to enhance desirable traits such as reduced plant dormancy, improved fruit quality, and altered plant architecture (Nazir et al., 2024). The technology's ability to create transgene-free modifications also addresses regulatory concerns, facilitating broader acceptance and application in crop improvement.

This study explored the use of CRISPR / Cas 9 technology for improving the key kiwi traits (e. g., flowering time, plant structure, and fruit quality). By using this advanced genome editing tool, studies overcome the limitations of traditional breeding methods and accelerate the development of high quality kiwi varieties. The results will provide important contributions to the field of improvement of fruit crops and provide insights into the integration of modern genetic technologies in breeding programs.

2 Key Traits of Kiwifruit and Their Genetic Basis
2.1 Overview of key traits in kiwifruit
Kiwifruit, belonging to the genus Actinidia, is valued for several key traits including yield, fruit quality, and disease resistance. Yield is influenced by factors such as flowering duration and fruit weight, which have shown high heritability, indicating potential for genetic improvement through selection. Fruit quality is characterized by attributes like vitamin C content, soluble solids, and fruit weight, with significant genetic variation observed among different kiwifruit germplasms. Disease resistance, although less frequently highlighted, is crucial for maintaining healthy crops and ensuring consistent yield and quality (Scaglione et al., 2015).

2.2 Advances in kiwifruit genomics and the identification of regulatory genes
Recent advances in kiwifruit genomics have significantly enhanced our understanding of its genetic makeup. The draft genome of Actinidia chinensis has been sequenced, revealing important insights into its genetic structure, including ancient hexaploidization and recent whole-genome duplication events that have contributed to the diversification of genes regulating key traits like vitamin C and flavonoid metabolism (Liao et al., 2019). Genome-wide association studies (GWAS) have identified SNP markers associated with important traits, facilitating molecular breeding efforts4. Additionally, transcriptome analyses have identified key genes involved in anthocyanin biosynthesis, which are crucial for fruit coloration (Figure 1) (Liao et al., 2021a).
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Figure 1 Analysis of key regulatory genes for key metabolites in kiwifruit (Adopted from Liao et al., 2021a)
Image Caption: Test materials (A) ‘Ganlv 1’ and ‘Ganlv 2’ had similar botanical traits and flowering stages; (B) Simple sequence repetition (SSR) technology was used for genetic similarity coefficient analysis, and the genetic similarity coefficient value of test materials was less than 0.08, the bar at the bottom is the bar of genetic similarity coefficient, the solid circle represents the female germplasm, the hollow circle represents the male germplasm, and ‘Ganlv 2’ was marked in red; (C) Fruit developmental stages and sampling time points of ‘Ganlv 2’ and ‘Ganlv 1’, the early mature germplasm ‘Ganlv 2’ had reached the commercial harvested standard at S7 (Adopted from Liao et al., 2021a)

2.3 Impact of genomic complexity on genetic improvement of kiwifruit
The genomic complexity of kiwifruit, characterized by polyploidy and extensive genetic diversity, presents both challenges and opportunities for genetic improvement. The presence of multiple whole-genome duplication events complicates the genetic landscape, making it challenging to pinpoint specific genes responsible for desirable traits (Liao et al., 2021b). However, this complexity also provides a rich genetic resource for breeding programs, allowing for the incorporation of diverse traits through techniques like marker-assisted selection and interspecific hybridization. The development of linkage maps and identification of sex-determining chromosomes further aid in the efficient selection and breeding of kiwifruit varieties (Lee et al., 2020).

3 Application of CRISPR/Cas9 Technology in Kiwifruit Improvement
3.1 Overview of CRISPR/Cas9 principles and applications
CRISPR/Cas9 technology is a revolutionary tool for genome editing that allows for precise modifications at specific genomic loci. It involves the use of a guide RNA (gRNA) to direct the Cas9 protein to a specific DNA sequence, where it introduces double-strand breaks. This system has been widely adopted in various crops, including kiwifruit, due to its simplicity, efficiency, and versatility (Varkonyi-Gasic et al., 2018). The technology has been applied to improve agronomic traits, enhance nutritional value, and develop disease-resistant varieties in fruit crops.

3.2 Functional validation and editing of key trait-related genes using CRISPR
In kiwifruit, CRISPR/Cas9 has been used to target and edit genes associated with important traits. For instance, the AcPDS gene, involved in carotenoid biosynthesis, was successfully edited using a paired-sgRNA/Cas9 system, resulting in a high mutagenesis frequency and the induction of an albino phenotype in kiwifruit plantlets (Keul et al., 2022). Additionally, the AcBFT2 gene, which regulates plant dormancy, was targeted to produce an evergrowing phenotype without affecting flowering, demonstrating the potential for climate adaptation (Herath et al., 2022).

3.3 Case studies: improving fruit quality in kiwifruit through CRISPR technology
CRISPR/Cas9 has been instrumental in enhancing fruit quality traits in kiwifruit. By targeting genes involved in fruit ripening and bioactive compound synthesis, researchers have been able to modify fruit texture, color, and nutritional content. For example, the manipulation of genes like Lycopene desaturase (PDS) and Pectate lyases (PL) has shown promise in improving fruit quality and extending shelf life (Zhou et al., 2020). These advancements highlight the potential of CRISPR technology to meet consumer demands for high-quality fruit.

3.4 Gene editing research on disease resistance and stress tolerance traits
Research on CRISPR/Cas9 in kiwifruit has also focused on enhancing disease resistance and stress tolerance. By editing genes associated with these traits, such as those involved in plant architecture and flowering time, kiwifruit can be made more resilient to environmental stresses and pathogens. This approach not only improves crop yield and quality but also reduces the need for chemical inputs, contributing to sustainable agriculture (Wang et al., 2018).

4 Technical Optimization and Application Challenges
4.1 Key technical challenges in applying CRISPR to kiwifruit
Applying CRISPR/Cas9 technology to kiwifruit presents several technical challenges. One major issue is the optimization of the CRISPR system for high efficiency in this specific species. The editing capability can vary significantly depending on the combination of synthetic guide RNA (sgRNA) and Cas9 protein expression devices used. For instance, the development of a paired-sgRNA/Cas9 system has shown promise in increasing mutagenesis frequency, but it requires careful optimization to achieve desired results in kiwifruit (Liu et al., 2021). Additionally, the delivery of CRISPR constructs into kiwifruit cells and ensuring stable integration and expression remain significant hurdles (Wang et al., 2024).

4.2 Off-target effects and issues with gene editing efficiency
Off-target effects are a critical concern in CRISPR/Cas9 applications, as unintended edits can lead to undesirable traits or affect plant health. In kiwifruit, the specificity of the CRISPR system must be finely tuned to minimize these effects. The efficiency of gene editing is also variable, with some systems like the polycistronic tRNA-sgRNA cassette (PTG) showing higher efficiency compared to traditional CRISPR/Cas9 systems (Xu et al., 2020). However, achieving consistent and high editing efficiency across different genetic backgrounds and target sites remains a challenge.

4.3 Genetic stability and heritability after kiwifruit gene editing
Ensuring genetic stability and heritability of edited traits in kiwifruit is crucial for the practical application of CRISPR technology. Edited traits must be stably inherited across generations to be useful in breeding programs. Studies have shown that while CRISPR/Cas9 can induce desired mutations, the stability and heritability of these changes can vary, necessitating further research to understand and control these aspects. The potential for large chromosomal deletions, as observed in some CRISPR applications, also raises concerns about genetic stability (Kaur et al., 2020).

4.4 Methods to improve editing efficiency and applications of novel cas variants
To improve editing efficiency, researchers are exploring various strategies, including the use of novel Cas variants and advanced delivery methods. The PTG/Cas9 system, for example, has demonstrated a tenfold increase in mutagenesis frequency compared to traditional systems, suggesting that alternative sgRNA expression devices can significantly enhance efficiency (Wan et al., 2021). Additionally, novel Cas variants with improved specificity and reduced off-target effects are being developed, which could further enhance the precision and applicability of CRISPR in kiwifruit. Heat treatment and other environmental manipulations have also been proposed to increase editing efficiency.

5 Role of Multi-omics Integration in Kiwifruit Trait Improvement
5.1 Integration of genomics, transcriptomics, and epigenomics data
The integration of genomics, transcriptomics, and epigenomics data is pivotal in understanding the complex biological processes that govern kiwifruit traits. Genomics provides the foundational genetic information, while transcriptomics offers insights into gene expression patterns under various conditions. Epigenomics adds another layer by revealing modifications that affect gene activity without altering the DNA sequence (Yang et al., 2021). Together, these omics approaches enable a comprehensive understanding of the regulatory mechanisms involved in kiwifruit development and trait expression. The integration of these datasets can lead to the identification of key regulatory genes and pathways that are crucial for trait improvement (Chao et al., 2023).

5.2 Construction and application of regulatory networks for key traits
Constructing regulatory networks involves mapping the interactions between genes, proteins, and metabolites that influence key traits in kiwifruit. By utilizing multi-omics data, researchers can build detailed models that depict these interactions, providing insights into the molecular basis of traits such as fruit ripening, flavor, and nutritional content (Mahmood et al., 2022). These networks can be used to predict how changes in one part of the network might affect the overall phenotype, thus guiding targeted interventions for trait enhancement. The application of such networks is crucial for developing new kiwifruit varieties with improved qualities (Figure 2) (Shu et al., 2023).
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Figure 2 Summary of metabolome and transcriptome datasets for the construction of kiwi metabolic regulatory network (Adopted from Shu et al., 2023)

5.3 Data-driven precision gene editing and trait optimization
Data-driven approaches in precision gene editing, such as CRISPR/Cas9, are revolutionizing kiwifruit trait optimization. By leveraging multi-omics data, researchers can identify specific genes or regulatory elements that are prime targets for editing to achieve desired traits. This precision allows for the modification of specific traits without affecting other important characteristics, leading to more efficient breeding programs. The integration of omics data ensures that gene editing is informed by a comprehensive understanding of the genetic and molecular landscape, thereby enhancing the success rate of trait improvement efforts1 (Tian et al., 2021).

6 Future Directions for CRISPR/Cas9 in Kiwifruit Breeding
6.1 Integration of gene editing with traditional breeding strategies
The integration of CRISPR/Cas9 with traditional breeding strategies offers a promising avenue for enhancing kiwifruit breeding programs. By combining the precision of gene editing with the genetic diversity available in traditional breeding, it is possible to accelerate the development of superior kiwifruit varieties. This approach can help incorporate beneficial traits more efficiently, such as disease resistance and improved fruit quality, while maintaining the genetic diversity necessary for long-term crop resilience (Sardar,  2023).

6.2 Development of gene-editing platforms for multi-trait improvement
Advancements in CRISPR/Cas9 technology have led to the development of platforms capable of targeting multiple traits simultaneously. This multiplex genome editing approach can significantly enhance the efficiency of breeding programs by allowing the simultaneous modification of several genes associated with desirable traits, such as yield, stress resistance, and fruit quality. The use of optimized sgRNA/Cas9 systems has already shown promise in achieving high-efficiency editing in kiwifruit, paving the way for multi-trait improvement (Pimentel and Fortes, 2020).

6.3 Potential of gene-editing technology to enhance breeding efficiency and economic benefits
CRISPR/Cas9 technology holds the potential to greatly enhance breeding efficiency by reducing the time and resources required to develop new kiwifruit cultivars (Ahmad et al., 2020). The ability to precisely edit genes associated with key agronomic traits can lead to faster development of varieties that meet market demands and environmental challenges. This can result in significant economic benefits by increasing yield, reducing losses due to pests and diseases, and improving fruit quality, thereby enhancing the competitiveness of kiwifruit in the global market1.

6.4 Expanding applications of crispr/cas9 in kiwifruit quality enhancement and stress resistance improvement
The application of CRISPR/Cas9 in kiwifruit is expanding beyond basic trait improvement to include enhancements in fruit quality and stress resistance. By targeting genes involved in nutrient content, flavor, and shelf life, CRISPR/Cas9 can help develop kiwifruit varieties that offer superior quality. Additionally, editing genes related to stress responses can improve the plant's resilience to biotic and abiotic stresses, ensuring stable production under varying environmental conditions (De Mori et al., 2020).

7 Data Integration and Collaborative Mechanisms
7.1 Importance of data sharing in kiwifruit genomic research
Data sharing is crucial in kiwifruit genomic research as it facilitates the rapid dissemination of findings and accelerates the pace of discovery. The CRISPR/Cas9 system has been applied to various fruit crops, including kiwifruit, to improve traits such as disease resistance and fruit quality (Liu et al., 2023). Sharing genomic data allows researchers to build upon each other's work, reducing redundancy and fostering innovation. It also enables the integration of diverse datasets, which can lead to more comprehensive insights into the genetic basis of important traits.

7.2 Role of international collaboration in the development and application of gene-editing technology
International collaboration plays a pivotal role in advancing gene-editing technologies like CRISPR/Cas9. By pooling resources and expertise, researchers can overcome technical challenges and accelerate the development of new applications. For instance, the optimization of CRISPR/Cas9 systems for specific crops, such as kiwifruit, benefits from collaborative efforts that bring together diverse scientific perspectives and methodologies. Such collaborations also facilitate the exchange of knowledge and technology, which is essential for the global advancement of agricultural biotechnology (Ho et al., 2020).

7.3 Necessity of building an open-access kiwifruit genetic resource database
An open-access kiwifruit genetic resource database is essential for supporting ongoing research and development efforts. This database would serve as a centralized repository for genetic information, including gene sequences and phenotypic data, which are critical for CRISPR/Cas9-mediated trait improvement (Arora and Narula, 2017). By providing researchers with easy access to comprehensive genetic resources, such a database would enhance the efficiency of breeding programs and enable more precise gene-editing interventions. It would also promote transparency and reproducibility in research, fostering a collaborative scientific community (Huang, 2024).

8 Concluding Remarks
CRISPR/Cas9 technology has significantly advanced the genetic improvement of kiwifruit by enabling precise genome editing. This technology has been successfully applied to modify key genes associated with important traits such as disease resistance, plant architecture, and fruit quality. For instance, the use of CRISPR/Cas9 has led to the development of kiwifruit with reduced susceptibility to diseases and improved fruit yield and quality. The optimization of CRISPR/Cas9 systems, such as the paired-sgRNA/Cas9 system, has further enhanced editing efficiency, allowing for more effective trait improvement in kiwifruit.

The future of gene-editing research in kiwifruit looks promising, with potential advancements in transgene-free genome editing and the de novo domestication of wild relatives. These approaches could lead to the development of new kiwifruit cultivars with enhanced traits such as increased resistance to environmental stressors and improved nutritional content. Additionally, the integration of CRISPR/Cas9 with other emerging technologies, such as base editing, could further expand the scope of genetic modifications possible in kiwifruit. Future breeding strategies may focus on multiplex genome editing to simultaneously target multiple traits, thereby accelerating the development of superior kiwifruit varieties.

This study underscores the transformative impact of CRISPR/Cas9 technology on the genetic improvement of kiwifruit, offering a powerful tool for addressing key challenges in kiwifruit cultivation. By enabling precise and efficient genetic modifications, CRISPR/Cas9 facilitates the development of kiwifruit varieties with enhanced agronomic traits, which can lead to increased productivity and economic benefits for the kiwifruit industry. The advancements in gene-editing techniques also hold the potential to improve the sustainability of kiwifruit production by reducing reliance on chemical inputs and enhancing resilience to climate change. Overall, this study highlights the critical role of CRISPR/Cas9 in driving innovation and growth in the kiwifruit sector.
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