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ruits are essential components of a healthy diet, providing vital vitamins, minerals and 

antioxidants. However, fruit production faces numerous challenges including disease 

outbreak, pest infestation and environmental stresses, which impairs yield and quality. Recent 

breakthroughs in biotechnology provide precise tools to deal with these challenges. 

Molecular diagnostics enables rapid and accurate detection of pathogens and genetic defects, 

allowing timely intervention and informed breeding decisions. CRISPR-Cas genome editing 

provides a powerful tool for targeted modification of fruit genomes, enabling the 

development of disease-resistant, nutritionally enriched and climate-resilient varieties. By 

integrating molecular diagnostics with CRISPR, researchers can design precision breeding 

pipelines that combine early detection with targeted genome improvements. This approach 

not only accelerates fruit improvement but also enhances productivity, nutritional quality and 

postharvest longevity. As these technologies become more widely adopted, they have the 

potential to revolutionize fruit science, promote sustainable horticultural practices and 

strengthen global food and nutritional security. 
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Introduction 
Fruit crops play a vital role in human nutrition and the global economy, as they are rich 

sources of essential vitamins, minerals, dietary fibre, antioxidants and bioactive compounds 

that support human health and help prevent diseases. In addition to their nutritional value, 

fruit cultivation contributes significantly to farm income and employment worldwide. Despite 

their importance, fruit production is increasingly facing serious challenges from diseases, 

insect pests, changing climatic conditions, and substantial postharvest losses. Globally, 

diseases and pests alone account for yield and quality losses of nearly 20-40% in fruit crops 

(Savary et al., 2019). Climate change has further intensified these problems with 

unpredictable weather patterns, rising temperatures and frequent pest outbreaks adversely 

affecting fruit yield and quality. Moreover, the highly perishable nature of fruits results in 

considerable losses during harvesting, storage, transportation, and marketing. Although 

conventional breeding and crop management practices have helped improve fruit production 

to some extent, they are often time-consuming and inadequate to address the growing 

complexity of biotic and abiotic stresses. In this scenario, there is an increasing demand for 

modern precision tools in horticulture that enable early disease detection, targeted genetic 

improvement, and faster responses to emerging challenges. Advanced biotechnological 

approaches, particularly molecular diagnostics and genome-editing technologies, offer 

promising solutions to improve productivity, quality and sustainability in fruit crops. 

Importance of fruit crops in nutrition and economy. 
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Molecular Diagnostics in Fruit Crops 
Molecular diagnostics plays a crucial role in modern fruit science by enabling rapid and 

accurate detection of pathogens and genetic traits that affect yield and quality. Unlike 

conventional methods, these techniques detect diseases at the DNA, RNA or protein level, 

allowing intervention before visible symptoms appear. Commonly used tools include 

polymerase chain reaction (PCR) and quantitative PCR (qPCR), which provide sensitive and 

real-time detection of pathogens without the need for post-analysis procedures. Next-

generation sequencing (NGS) has further advanced fruit diagnostics by enabling high-

throughput, parallel sequencing of multiple samples, facilitating comprehensive identification 

of known and emerging pathogens at reduced costs. In addition, isothermal amplification 

methods such as loop-mediated isothermal amplification (LAMP) offer rapid, field-

deployable diagnostics by operating at a constant temperature and providing easy visual 

readouts. ELISA remains useful for large-scale screening of viral diseases. Collectively, these 

molecular diagnostic tools support early disease detection, quality control of planting 

material, and efficient fruit breeding programs, thereby reducing losses and promoting 

sustainable fruit production.  

CRISPR-Cas in Fruit Improvement 
CRISPR/Cas genome editing is transforming fruit crop 

breeding by enabling precise modification of genes 

controlling growth, yield, quality and stress tolerance. 

In apples, editing genes like MdPDS and MdTFL1 

improved anthocyanin content and flowering traits. In 

bananas, CRISPR has produced dwarf varieties, 

increased β-carotene content, and extended shelf life 

by targeting ethylene biosynthesis and carotenoid-

related genes. Kiwifruit improvements include early flowering and hermaphroditism through 

mutations in CEN, SyGI, and BFT genes. Overall, CRISPR-Cas accelerates fruit 

improvement, enhances nutritional value, and supports sustainable horticulture, offering new 

possibilities for breeders and farmers alike (Ma et al., 2023). 

Integration of Molecular Diagnostics and CRISPR 
Next-generation sequencing (NGS) and molecular diagnostics are revolutionizing precision 

fruit breeding by enabling rapid identification of allelic variations and linking them with key 

traits. These diagnostic tools guide CRISPR-based genome editing, ensuring precise 

modifications in genes that control growth, quality, and stress resilience. Post-editing, NGS 

and molecular assays confirm successful edits, detect off-target effects, and validate desired 

genetic profiles. This integrated approach accelerates breeding cycles, improves trait 

accuracy, and supports the development of resilient, high-quality fruit crops. Specific 

examples of CRISPR/Cas9 applications in apple, banana, kiwifruit, citrus, and grape are 

summarized in following table. 

Fruit 

Crop 
Gene / Target 

Trait / 

Modification 
Outcome / Impact References 

Apple MdPDS, MdTFL1 
Anthocyanin 

content, flowering 

Improved fruit color and 

early flowering 

Ma, Z.; Nishitani 

et al., 2016 

Banana 
MaACO1, 

MaGA20ox2 

Ethylene 

biosynthesis, plant 

height 

Extended shelf life, semi-

dwarf phenotype 
Kaur et al., 2018; 

Kiwifruit CEN, SyGI, BFT 
Flowering time, sex 

expression 

Early flowering, 

hermaphroditism 

Varkonyi-Gasic et 

al., 2019; 

Citrus CsLOB1 
Disease 

susceptibility 
Resistance to citrus canker Jia et al., 2017 

Grape 
VvWRKY52, 

MLO-7, IdnDH 

Disease resistance, 

metabolism 

Increased resistance to 

Botrytis cinerea and powdery 

mildew; 

Wang et al., 2018; 

Malnoy et al., 2016 
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Biosafety, Ethical and Regulatory Considerations 
Molecular diagnostics and CRISPR-based genome editing in fruit crops necessitate careful 

consideration of biosafety, ethical, and regulatory aspects. Key biosafety concerns include 

potential off-target mutations, gene flow to wild relatives, and long-term ecological effects, 

particularly in perennial fruit species; however, the use of high-fidelity Cas variants and 

DNA-free CRISPR approaches (RNP delivery) significantly minimizes these risks. Ethical 

considerations primarily involve consumer awareness, transparency, public acceptance, 

intellectual property issues, and equitable access to genome-editing technologies, 

emphasizing the need for responsible innovation and clear communication. Regulatory 

frameworks for CRISPR-edited fruit crops vary globally: transgene-free genome-edited crops 

are exempt from GMO regulations in countries such as the USA, Japan, Brazil, and Australia, 

while the European Union regulates them under existing GMO laws (USDA-APHIS, 2020). 

In India, the DBT (2022) has introduced a category-based, science-driven regulatory system 

for genome-edited plants, offering a balanced approach to innovation and biosafety. Overall, 

harmonized, product-based regulatory policies and robust biosafety assessment are essential 

for the sustainable deployment of CRISPR technologies in next-generation fruit 

improvement. 

Challenges and Future Prospects 
CRISPR and molecular diagnostics hold immense promise for fruit crop improvement, but 

adoption faces regulatory hurdles, public concerns, and ethical debates. Technical challenges 

such as off-target edits, high costs and infrastructure needs also limit widespread use, 

especially in perennial fruit crops. Despite this, integrating diagnostics with CRISPR can 

accelerate breeding of disease-resistant, nutrient-rich, and climate-resilient fruits, reducing 

losses and supporting global food security. 

Conclusion 
 Molecular diagnostics and CRISPR together are reshaping fruit science. 

 Benefits: higher productivity, better nutritional quality, reduced losses, and sustainable 

horticulture. 

 Future outlook: precision fruit breeding for next-generation horticulture. 
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