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Abstract– Digital breeding integrates modern technologies like genomics, bioinformatics, and data analytics
into conventional plant breeding. It accelerates the breeding process, improves selection effectiveness, and
enhances crop yield and quality. High-throughput genotyping and phenotyping technologies enable
efficient analysis of large populations and rapid characterization of plant traits. Genomic selection and data
analytics aid in predicting breeding values and analyzing extensive data for trait improvement. Digital
breeding applications include accelerated breeding cycles, trait-based breeding, disease resistance, stress
tolerance, nutritional quality enhancement, remote sensing, yield prediction, multi-environment testing, and
precision breeding and prospects involve integrating multiple omics technologies, developing precise
phenotypic prediction models, and fostering data sharing and collaboration. Digital breeding can greatly
improve breeding programs and address global food security challenges.

INTRODUCTION

Digital breeding, also called computational
breeding or virtual breeding, involves the
incorporation of modern technologies like
genomics, bioinformatics, and data analytics into
conventional methods of plant breeding(Xu and
Crouch, 2008). It utilizes computer-based tools and
algorithms to expedite the breeding process,
increase selection effectiveness, and enhance the
overall yield and quality of cultivated crops (Razzaq
et al., 2021). In recent years, there has been a notable
surge in interest and recognition of digital breeding,
primarily due to its immense potential to transform
the field of plant breeding and effectively tackle the
pressing issues related toglobal food security
(Godfray et al., 2010). In this response, we will
explore the advancements, applications, and future
perspectives of digital breeding.

Methodologies and Tools in Digital Breeding

Genotyping Technologies: The advent of high-
throughput genotyping technologies, such as single
nucleotide polymorphism (SNP) arrays and next-

generation sequencing, has revolutionized the field
of breeding. These technologies enable breeders to
genotype large numbers of individuals efficiently
and cost-effectively, allowing for the identification of
genetic markers associated with desired traits (Bhat
et al., 2016).

High-Throughput Phenotyping Technologies

High-throughput phenotyping technologies, such as
remote sensing, imaging, and sensor-based
platforms, have advanced digital breeding by
enabling non-destructive and rapid characterization
of plant traits. These technologies provide detailed
phenotypic data, allowing breeders to identify
desirable traits and assess the performance of a large
number of plants efficiently. Examples of high-
throughput phenotyping techniques include
hyperspectral imaging (Zhang et al., 2018),
unmanned aerial vehicles (UAVs) (Araus and
Cairns, 2014), and automated sensor networks
(Furbank and Tester, 2011).
Genomic Selection: Genomic selection is a key
advancement in digital breeding that involves the
use of high-throughput genotyping and
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phenotyping data to predict the breeding value of
plants. This technique allows breeders to select
superior individuals based on their genomic
profiles, leading to more accurate and efficient
selection. Genomic selection has been successfully
applied in various crops, including maize (Crossa et
al., 2017), rice (Spindel et al., 2015), and wheat
(Vidotti et al., 2019).
Data Analytics: Digital breeding generates vast
amounts of data from genomics, phenomics, and
environmental variables. Big data analytics,
including machine learning and data mining
techniques, are crucial for handling and extracting
useful information from these datasets. By analyzing
large datasets, breeders can identify genomic
regions associated with important traits, uncover
complex trait interactions, and develop predictive
models for trait improvement. Big data analytics
have been applied in crop breeding studies, such as
predicting yield in wheat (Montesinos-Lopez et al.,
2017) and identifying genetic markers for disease
resistance in soybean (Bishtet al., 2023).

Applications of Digital Breeding

Accelerated Breeding Cycles: Digital breeding
facilitates the acceleration of breeding cycles by
reducing the time required for trait evaluation and
selection. By integrating genomic selection and
high-throughput phenotyping, breeders can identify
promising individuals at early stages and make
informed selection decisions. This approach has
been applied in various crops, such as maize
soybean (Rolling et al., 2020), and tomato (Samantara
et al., 2022), leading to shortened breeding cycles
and faster release of improved varieties.
Trait-Based Breeding: Digital breeding enables a
shift from traditional phenotype-based breeding to
trait-based breeding. By leveraging genomic
information and advanced phenotyping
technologies, breeders can focus on specific traits of
interest, such as disease resistance, drought
tolerance, or nutritional quality. This targeted
approach allows breeders to develop varieties with
improved performance in specific environments or
tailored to meet specific market demands. Trait-
based breeding has been successfully employed in
crops like wheat (Araus et al., 2008), potato (Tiwari
et al., 2022).
Disease Resistance and Stress Tolerance: Digital
breeding plays a crucial role in developing crops
and livestock with enhanced disease resistance and
stress tolerance. By analyzing genomic data,

breeders can identify genes and pathways
associated with resistance to pests, pathogens, and
abiotic stresses. This knowledge enables the
development of breeding strategies aimed at
improving crop and livestock resilience to
environmental challenges (Hu and Xiong, 2014).
Nutritional Quality Enhancement: Digital breeding
contributes to enhancing the nutritional quality of
crops and livestock products. By understanding the
genetic basis of nutritional traits, breeders can select
individuals with improved nutritional profiles, such
as increased vitamin content, improved fatty acid
composition, or reduced allergenicity. Digital
breeding also enables precision breeding for
functional food production  (Gatica-Arias, 2020).
Remote Sensing and Drones: Remote sensing
technologies, including aerial and satellite imagery,
coupled with unmanned aerial vehicles (UAVs) or
drones, offer a cost-effective and efficient means to
monitor crop growth and assess field conditions.
These tools provide breeders with spatial and
temporal information about plant health, stress
response, and growth patterns, enabling targeted
breeding strategies (Yang et al., 2020).
Yield Prediction and Optimization: Digital
breeding techniques can be used to predict crop
yield based on plant phenotypes and environmental
conditions. This information can help breeders
optimize agronomic practices and develop varieties
with improved yield potential (Montesinos-Lopez et
al., 2017).
Multi-Environment Testing: Digital breeding
facilitates multi-environment testing, where
breeders evaluate the performance of plant materials
across diverse environments. Byanalyzing large
datasets of genotype-by-environment interactions,
breeders can identify stable and adaptable varieties
that perform well across different growing
conditions. This approach is particularly valuable
for addressing the challenges posed by climate
change and ensuring the resilience and adaptability
of crop plants. Multi-environment testing has been
utilized in crops like rice (Spindel et al., 2015), barley
(Maldonado et al., 2022), and cotton (Gapare et al.,
2018).
Precision Breeding and Genome Editing: Digital
breeding integrates with genome editing
technologies, such as CRISPR-Cas9, to achieve
precise modifications in the genetic makeup of
plants and animals. This approach enables breeders
to introduce or modify specific traits rapidly. Digital
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breeding platforms can assist in identifying target
genes for genome editing, optimizing editing
efficiency, and assessing the potential impacts of
edited traits (Varshney et al., 2021).

Future Perspectives of Digital Breeding

Integration of Omics Technologies: The integration
of multiple -omics technologies, such as genomics,
transcriptomics, metabolomics, and proteomics,
holds great potential for advancing digital breeding.
By combining data from different molecular levels,
breeders can gain a deeper understanding of the
underlying biological processes, identify key genes
and pathways, and develop more precise selection
strategies. The integration of omics technologies has
been explored in crops like chickpea (Singh et al.,
2023), soybean (Bisht et al., 2023), and wheat (Ros et
al., 2023).
Phenotypic Prediction Models: Developing
accurate and reliable phenotypic prediction models
is a key focus of future digital breeding efforts. By
combining genomic data with advanced statistical
and machine learning algorithms, breeders aim to
predict complex traits that are difficult or expensive
to measure directly. Improving the accuracy of
phenotypic prediction models will enhance
selection efficiency and enable more effective
identification of superior genotypes. Ongoing
research in this area includes the use of deep
learning algorithms (Xu et al., 2021).
Data Sharing and Collaboration: The future of
digital breeding relies on increased data sharing and
collaboration among breeders, researchers, and
institutions. Open data platforms, standardized
protocols, and collaborative networks are essential
for maximizing the potential of digital breeding. By
sharing data, breeders can build larger and more
diverse datasets, improve the robustness of
prediction models, and accelerate variety
development. Initiatives such as the Integrated
Breeding Platform (https://
www.integratedbreeding.net/) and the CGIAR
Excellence in Breeding Platform (https://
excellenceinbreeding.org/) are examples of
collaborative efforts in digital breeding.(Rasheed et
al., 2017).

CONCLUSION

Digital breeding has witnessed significant
advancements and offers numerous applications
and future perspectives for plant breeding. The

integration of genomic selection, high-throughput
phenotyping, and big data analytics has accelerated
breeding cycles, enabled trait-based breeding, and
facilitated multi-environment testing. The future of
digital breeding lies in the integration of omics
technologies, the development of accurate
phenotypic prediction models, and increased data
sharing and collaboration. These advancements and
future directions hold great promise for improving
the efficiency, precision, and sustainability of plant
breeding efforts worldwide.
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