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Abstract

Pan-genomics has revolutionized our understanding of genetic diversity within species by providing
a comprehensive view of both core and variable genes across multiple genomes. Recent advances in
this field, driven by innovations in sequencing technologies, computational methods, and integrative
approaches with other -omics fields, have unveiled new layers of complexity in genome architecture,
gene regulation, and evolutionary dynamics. This mini-review explores key developments in pan-
genomics, including the construction of graph-based pan-genomes, applications in crop improvement,
integration with epigenomics, and the emerging role of machine learning. These advances underscore
the potential of pan-genomics to drive future discoveries in genomics, with significant implications for
agriculture, evolutionary biology, and personalized medicine.
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1 INTRODUCTION

In the symphony of life, where genes play the notes
that compose the music of existence, pan-genomics has
emerged as a maestro, orchestrating the vast ensemble of
genetic diversity. This area of study not only delves deeply
into the genetic diversity within species but also shows
great potential in population genetics, evolutionary biology,
and crop improvement. This reviews the latest advances in
pan-genomics and explores its profound impact on genetic
diversity research.

Pan-genomics studies the total genomic sequences of

all individuals within a species, collectively known as the
"pan-genome." With decreasing sequencing costs and
increasing computational power, methods for constructing
pan-genomes have advanced significantly. Recent studies
have introduced graph-based pan-genome construction
methods, which not only better represent genetic diversity
but also more accurately capture structural variations
between genes. For instance, a graph-based pan-genome to
thoroughly analyze the genetic variation in the model plant
Setaria, providing new insights for crop improvement'"”.
The new algorithm SVarp discovered many previously
unidentified structural variations through the pan-genome
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reference sequence, which played an important role in
domestication selection on different evolutionary paths
(https://github.com/asylvz/S Varp).

2 PAN-GENOMICS HAS NOTABLE APPLICATIONS
IN CROP IMPROVEMENT

By comparing the pan-genomes of different cultivars
and wild species, researchers can identify genes associated
with important agronomic traits and optimize them through
molecular breeding. For example, Wang et al. constructed
a pan-genome of 33 genetically diverse rice accessions,
revealing hidden genomic variations that are closely related
to key agronomic traits such as disease resistance and
yield, providing new molecular markers for rice breeding".
Similar research on tomato and has identified genomic
variations associated with crucial agricultural traits™,
providing a roadmap for breeding programs aimed at
improving crop resistance and productivity.

2.1 Combining Pan-genomes with Epigenetics Facilitates
the Dissection of Complex Traits and Adaptations

The integration of pan-genomics, epigenetics and
has been a significant research direction in recent years.
Epigenetic regulation plays a crucial role in gene expression
and functional diversity, and pan-genomics provides a
comprehensive genetic background to understand these
regulatory mechanisms. Liu et al. established a regulatory
model in which structural variations leading to pan-
genome differences significantly affect gene expression
patterns, which in turn affects phenotypic variation in
Brassica oleracea, deepening the understanding of the
mechanism by which structural variation regulates trait
formation'. In addition, micro-collinearity and macro-
collinearity analysis combined with functional genomic
data can reveal the conservation and evolutionary patterns
of genes and regulatory elements, which advance our in-
depth understanding of gene expression regulation and
environmental adaptation”. This integrated approach helps
us to understand how genome structure and regulatory
networks evolve together, thereby affecting the complex
traits and adaptability.

2.2 Pan-genome Accelerates Research Progress on
Genome Structural Variation

The pan-genome can reveal differences in genome
structure between different individuals, and these
differences are often reflected in the organization of the
three-dimensional genome. For example, three-dimensional
genome analysis of 27 soybean germplasms found that
the distribution and variation of A/B chromatin regions are
closely related to genomic characteristics. By comparing
these regions, it was found that the transition between A/
B regions mainly occurred in regions with intermediate
genomic characteristics. These variations, in addition,
can reshape the evolution of the three-dimensional
genome by driving these SVs'®. Pan-genome and pan-3D

@’ Innovation Forever Publishing Group Limited 2/4

https://doi.org/10.53964/jmab.2025001

genome analysis of cotton genus clarified the evolutionary
relationship between transposon-driven genome size
changes and chromatin higher-order structural remodeling.
Further combined with population genetics research, the
genomic basis of fiber quality evolution was revealed,
providing theoretical support for the use of wild cotton
germplasm resources to improve cultivated varieties'”. The
rearrangement of genes in three-dimensional space may
make some genes more easily activated, allowing species
to adapt to new environments more quickly™’. In addition,
this dynamic genome folding ability provides flexibility
and adaptability for species to survive and reproduce in
different ecological environments”. Some genes may
form regulatory networks due to spatial proximity, thereby
responding together in a specific environment!'”. These
findings are of great significance for agricultural breeding
and crop improvement, helping us develop plant varieties
that are more environmentally adaptable and stress-
resistant.

2.3 Pan-genomes Drive Evolution and Adaptability

Pan-genomics also plays an essential role in
understanding species evolution and adaptation. For
example, Brassica oleracea has uncovered signatures
of domestication selection in genome evolution and
gene variations associated with agronomic traits''".
Broomcorn millet have revealed genetic changes in these
species during adaptation to different environments and
domestication processes, providing new perspectives on
adaptive evolution"”. The construction of the rice pan-
genome provides a new reference framework for functional
genomics research in rice, enabling the identification of
specific genes related to environmental adaptability, which
is crucial for improving rice stress resistance'"”’. It also
reveals the evolutionary path of rice. The genetic changes
and genome reorganizations exhibited by different rice
varieties when adapting to different environments provide
important information for studying their evolutionary
process''?. At the same time, pan-genomes can help identify
genes related to climate adaptation, thereby predicting the
performance of species under future climate conditions and
revealing how genetic variation affects phenotypic plasticity
and adaptability"”’. This insight into the genetic architecture
of adaptive traits provides a roadmap for breeding programs
aimed at improving crop resistance and productivity.

2.4 Machine Learning Drives Progress in Pan-genomic
Research

Pan-genome data are large and complex, making them
difficult to handle with traditional analysis methods.
Machine learning can effectively extract useful features
from large-scale Pan-genome data for pattern recognition
and functional prediction. For example, graph-based
machine learning methods can be used to analyze
relationships and interactions between genes'® and can
be used to identify gene patterns associated with specific
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phenotypes"”. In addition, the BRIDGEcereal platform
accelerates gene discovery and understanding of trait
variation through the use of novel unsupervised machine
learning algorithms such as CHOICE and CLIPS for
large insertion-deletion polymorphisms in major cereal
crops, especially in it is of great significance in crop
improvement'*. The Maize Feature Store (MFS) uses
basic and advanced machine learning models to predict
core and non-core genes. This approach significantly helps
distinguish different gene classes and is crucial for well-
targeted crop breeding programs'”. Supervised learning,
such as support vector machines (SVM) or random forest
models, can extract useful information from complex
genomic data and perform classification and regression
analysis, greatly improving the efficiency of crop genomic
data analysis and providing a scientific basis for breeding
decisions”**"). Cluster analysis of different crop genomes
using unsupervised learning methods revealed multiple new
genetic variations that are closely related to crop growth
characteristics, providing important clues for subsequent
gene function research and data support for precision
breeding”>*). The above mentioned researches show that
pan-genomics combined with machine learning can greatly
improve the prediction and selection capabilities of crop
traits and genetic variations.

2.5 The Role of Pan-genomics in Agricultural
Management

With the challenges brought by climate change,
agricultural management is facing unprecedented pressure.
Pan-genomics can help identify crop varieties that are
adapted to different climatic conditions, thereby providing
farmers with more accurate planting recommendations.
For example, specific genomic information can guide
farmers to choose crop varieties that perform well under
high temperature or low moisture conditions, which will
directly affect the growth and yield of crops and improve
crop adaptability™*”. In addition, pan-genomic data can
be used to develop crop varieties that are resistant to pests
and diseases, and reduce the use of pesticides by identifying
related genes and introducing them into other crop varieties.
This not only helps to protect the ecological environment,
but also reduces farmers' production costs and improves
economic benefits”***. Further using pan-genomic
information, agricultural managers can formulate fertilization
and irrigation plans more scientifically. By understanding the
needs and adaptability of crops to different nutrients, farmers
can optimize fertilizer use, reduce negative impacts on the
environment, and improve crop yields and quality™*".

3 FUTURE DEVELOPMENT

As more species' pan-genome data are accumulated
and analysis methods continue to innovate, pan-genomics
will play a critical role in broader biological research.
Future research directions include: (1) Combining machine
learning and big data technologies to enhance the efficiency
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and accuracy of pan-genome construction. (2) Using pan-
genome data to study how genetic diversity influences
species' adaptation to environmental changes. (3) Pan-
genome provides powerful data support for precision
breeding. By comparing different genomes, breeders
can quickly identify genotypes with excellent traits and
introduce them into breeding programs. This approach
can significantly shorten the breeding cycle and improve
breeding efficiency.

As an emerging field in genomics research, pan-genomics
is rapidly developing and continually breaking new ground.
Applying pan-genomics in crop design breeding and pest and
disease control to achieve precise agricultural management.
By deeply analyzing genetic diversity, pan-genomics not
only provides rich data resources for fundamental biological
research but also opens new avenues for applied research,
particularly in crop improvement and precision agriculture.
We anticipate that future pan-genomics research will bring
more exciting discoveries and contribute significantly to
sustainable development.

4 CONCLUSION

Pan-genomics research provides strong data support
for precision breeding and agricultural management. By
identifying genes associated with important traits, farmers
and breeders can conduct variety selection and agricultural
management more scientifically. With the continuous
advancement of technology, the application prospects of
pan-genomics in actual agriculture will be broader and can
make positive contributions to the sustainable development
of global agriculture. By reviewing the latest advances
and future prospects in pan-genomics, we gain a clearer
understanding of the vast potential and profound impact
of this field. It is hoped that this editorial will inspire
more researchers to engage in pan-genomics studies and
collectively advance the frontier of science.
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