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ruits are essential ingredients of the human diet and play a key role in a balanced diet, for

they are a major source of vitamins, minerals, antioxidants and dietary fibre. They also
have a growing impact on food security, rural livelihoods and the global economy of
agriculture. The rising consumer interest in high-quality fruits, derived from better taste,
attractive presentation, higher nutritional content, longer shelf life and enhanced food safety,
has rekindled the need for novel strategies for crop improvement. However, traditional
breeding approaches in fruit species are usually restricted by long juvenile periods, and the
perennial nature of these species as well as the complexity of the genetic backgrounds, and
now also by the additional difficulties posed by changing climates, new pests and diseases. In
this scenario, biotechnology has proven to be an effective and disruptive instrument to
enhance fruit quality in a targeted and time-saving way. Here, we focus on major
biotechnological strategies employed for tailored fruit quality that have successfully delivered
high-quality fruits or hold the promise for future improvement, including marker-assisted
selection, tissue culture and micropropagation, genetic engineering, genome editing via
CRISPR/Cas systems, and multi-omics-based solutions. These instruments can be applied for
the precise detection, modification, and incorporation of traits that affect quality including
sweetness and colour and firmness, and nutritional value, shelf life and stress resistance.
Positive examples of fruit crops genetically engineered through biotechnology globally
illustrate that these methods can expedite breeding and increase sustainability. The scenario
of integration of biotechnology with conventional breeding and the emerging digital
technologies to deliver high-quality nutrient rich, resilient, fruits for feeding the future is
however challenged by regulatory, ethical and public acceptance issues.

Keywords: Biotechnology; Fruit quality; Marker-assisted selection; Tissue culture; Genetic
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Introduction

Fruits are essential in human nutrition and health due to their high content of vitamins,
minerals, antioxidants and dietary fibre, and because their consumption is associated with the
lowering of the risk of degenerative diseases including cardiovascular diseases, diabetes,
obesity, and certain types of cancer. In addition to nutrition, fruits promote food security,
rural livelihoods and the global agricultural economy. As the global population increases and
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diets becomeHealthier, the need for fruits with higher quality attributes, such as taste,
appearance, shelf-life, nutritional content, and food safety, is dramatically increasing.

While traditional breeding has resulted in enhanced yields and quality, the progress in fruit
crops is usually slow and cumbersome because they are woody perennials with long juvenile
phases and complex genetics. Such challenges are exacerbated by climate change, escalating
pest and disease threats, and heightened consumer demands for nutritious fruits that are
visually attractive, and sustainably harvested. In this context, biotechnology has become a
revolutionary instrument for fruit enhancement. Contemporary biotechnologies, such as
tissue culture, molecular markers, genetic engineering and genome editing, allow accurate
analysis and manipulation of quality-related traits (Sushmitha et al., 2024). When
complimented by conventional breeding, biotechnology expedites the creation of fruit
varieties with superior taste, nutrition, shelf time, and stress tolerance, contributing
sustainable solutions to cater to future food and nutritional needs.

What Is ‘Fruit Quality’?

Before we discuss biotechnology, it is necessary to have a definition of fruit quality. Quality
is a mix of:

e Sensory traits: sweetness, aroma, color, texture.

« Nutritional value: vitamins, minerals, antioxidants.

e Post-harvest traits: shelf life, firmness, resistance to bruising.

o Agronomic performance: yield and stress resilience.

Biotech tools are being used to enhance these characteristics, either by directly modifying the
fruit’s DNA or indirectly by accelerating the breeding process.

Marker-Assisted Selection (MAS): Bringing Precision to Breeding

Among the first and most widely used biotech tools is marker-assisted selection (MAS). It is
based on DNA markers associated with trait of interest which allow breeders to make
selection on the basis of genotype instead of phenotype and on that way, they are not
required to wait for the expression of physical traits. This allows breeding to be done faster
and more accurately.

Table 1: Examples of Trait Targets with MAS

Disease resistance Mango MAS helps select re5|stant genotypes Reduces crop loss and
rapidly pesticide use
Flavor/aroma Various fruits Markers linked to volatiles & sugars  Better taste and market appeal
Fruit firmness Tropical fruits ~ QTLs associated with cell wall traits Longer shelf life
Color Ct:;r#fef‘ Markers linked to pigment genes Visually appealing fruits

Source: Mathiazhagan et al., 2021
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MAS does not alter the DNA; it just makes the selection process more intelligent and
efficient. It is particularly useful for long-lifecycle fruit trees for which conventional
breeding is slow.

Tissue Culture and Micropropagation: Cloning Excellence

Tissue culture provides the means for rapid multiplication of elite cultivars — generating
disease-free and true-to-type plantlets. For instance, micropropagation is a popular clonal
propagation technique for mango and banana, resulting in a significant boost in availability
of superior planting material (Kumar et al., 2023).

Table 2: Tissue Culture Applications

Rapid propagation Micropropagation Mass-production of elite clones
Genetic uniformity Somatic embryogenesis True-to-type plants
Disease surface elimination Shoot tip culture Virus-free stock
Germplasm conservation Cryopreservation Long-term storage

Genetic Engineering: Introducing Novel Traits

Through genetic engineering, the DNA of a fruit can be directly altered — genes that
contribute to desirable traits can be added or silenced.

Two iconic examples:

Non-Browning Apples (Arctic® Apples)

Designed for silencing of the polyphenol oxidase (PPO) gene to decrease enzymatic
browning upon cutting. These apples retain their fresh color for longer, so less is thrown
away.

Delayed Ripening and Shelf Life Improvements

In fleshy fruit like tomato and banana, transgenic approaches (antisense and RNA
interference) have been applied to delay ripening and prolong shelf life, as well as to diminish
mechanical injury (bruising) (Irfan et al., 2023). Genetic engineering is extremely powerful,
but in many countries it is subject to regulation and public acceptance issues.

Genome Editing: CRISPR and the New Frontier
Genome editing using tools like CRISPR-Cas9 allows breeders to make precise, targeted
changes to the DNA without introducing foreign genes.

5 Genome Editing
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How It Works

CRISPR targets a specific gene sequence and cuts it, disabling or altering gene function. This

is like editing text in a document — but for plant DNA (Xu et al., 2020).

Real-World Impact

o Sweeter tomatoes: Scientists disabled “sugar brake” genes to increase sugar content by
up to ~30% without reducing yield.

e Color & nutritional traits: Editing transcription factors boosts anthocyanin and other
health-related compounds in fruits.

CRISPR is also being used to improve stress tolerance and fruit texture in many species

(Martin-Valmaseda et al., 2023).

Multi-Omics and Bioinformatics: The Systems Approach

Modern biotechnology also employs genomics, transcriptomics, proteomics, and
metabolomics to study complex traits. Using these “omics” tools, scientists have identified
networks of genes controlling sweetness, aroma, texture, and response to stress, allowing for
better informed breeding and editing strategies (Mathiazhagan et al., 2021).

Success Stories Around the World
Here’s an example of fruit varieties improved through biotech approaches:

Table 3: Biotech-Improved Fruit Varieties

Papaya ‘Rainbow’ & ‘SunUp’ (transgenic) Viral disease resistance
Apple Arctic® (RNAI) Non-browning
Banana RNAIi & CRISPR variants Shelf life, virus resistance
Pineapple RNAi-enhanced Color & lycopene content
Citrus Somatic hybridization Iron deficiency tolerance

Challenges & Ethical Considerations

Despite the promise of biotech, there are hurdles:

e Regulatory complexity: Different countries treat genome edited and transgenic crops
differently.

o Consumer perception: Public acceptance of GM and edited foods varies widely.

o Off-target risks: Genome editing can sometimes alter unintended parts of the DNA,
requiring careful validation.

The Future: Precision Agriculture Meets Fruit Biotechnology

The next decade will see biotech merging with digital tools like Al and robotics to
continuously monitor and improve orchards. Tools like phenomics and precision pollination
robots are already emerging to support higher quality fruit production.

Conclusion

Biotechnology provides a robust toolbox to develop fruit cultivars that have better taste,
higher nutritional content, extended shelf life, and stronger tolerance to biotic and abiotic
stresses. Tissue culture and marker-assisted selection are some of the techniques that aid in
the rapid and accurate selection of favorable traits. Genetic engineering and genome editing
(i.e., with CRISPR/Cas systems) enable targeted enhancement of fruit quality and stress
resistance. Such approaches on superiors cultivars may reduce the time line for development
of superior cultivars in conventional breeding. Biotechnology also enhances the sustainable
utilizing and preserving of precious genetic materials. When traditional breeding is
combined with these tools, the process of fruit improvement can be made more accurate and
sustainable . In summary, the fruit breeding based on biotechnology has a very high
potential to address the nutritional, environmental, and food security challenges brought by
ever-growing global population.
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