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SUMMARY

Pan-genomics captures the full spectrum of genetic diversity within plant species and overcomes the limitations of single reference genomes. By
integrating core, dispensable, and unique genomic components, pan-genomic approaches enable comprehensive detection of structural variants,
presence—absence variations, and lineage-specific genes that underpin phenotypic diversity, domestication, and environmental adaptation. In plant and
horticultural crops, particularly tropical and subtropical fruit species characterized by high heterozygosity, polyploidy, and clonal propagation, pan-
genomics has revealed extensive hidden variation influencing fruit quality, disease resistance, and stress tolerance that was previously inaccessible
using traditional genomics.

This review synthesizes the concepts, methodological advances, computational tools, and recent progress in plant pan-genomics, with a focused
emphasis on tropical and subtropical fruit crops. We discuss pan-genome construction strategies, graph-based representations, and emerging
resources, alongside key applications in trait discovery, evolutionary analysis, and molecular breeding. Current challenges, including limited accession
diversity, incomplete functional annotation, and computational complexity, are critically examined. Finally, we highlight future directions toward
population-scale, graph-based, and multi-omics—integrated pan-genomes, underscoring their potential to accelerate precision breeding and support
the development of climate-resilient, high-quality fruit crop varieties.

Keywords: Pan-genomics; Tropical and subtropical fruit crops; Structural variation; Presence—absence variation (PAV); Graph-based genomes; Crop
wild relatives; Molecular breeding; Genomic diversity; Long-read sequencing; Climate-resilient horticulture.

1. INTRODUCTION

Fruit crop genomics plays a vital role in enhancing
agricultural productivity and sustainability by
enabling precise genetic improvements tailored to

illuminated the pathways responsible for synthesizing
these nutrients, allowing targeted breeding for nutrient-
dense and functional fruits. Integrating pan-genomics
into fruit crop research has revolutionized the

fruits’ unique biology. It addresses challenges like
climate variability, pests, and consumer demands for
better quality. Genomics analysis reduces breeding
timelines from decades to years and enhances market
competitiveness by improving shelf life, flavour, and
stress tolerance, addressing post-harvest losses that
cost billions annually (Roy et al., 2025). Fruit crops are
essential sources of vitamins, minerals, dietary fibre,
and bioactive compounds, contributing significantly
to human nutrition and health. Genomic studies have
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understanding of genetic diversity and adaptation.

Pan-genomics represents an advanced genomic
framework that captures the complete genetic diversity
across all strains or individuals within a species,
moving beyond the constraints of a single reference
genome to encompass both shared and unique genetic
elements. This approach has revolutionized fields like
microbiology, plant breeding, and human genomics by
enabling more accurate variant detection, evolutionary
studies, and personalized medicine applications.
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Single linear reference genomes fail to represent
species-wide genetic diversity, causing reference bias
and overlooking many structural variants and adaptive
regions. As sequencing improved, it became clear that
key loci linked to adaptation and disease resistance were
missing from references, driving a shift toward pan-
genome approaches that integrate multiple genomes
to capture comprehensive intraspecies variation
(Dutilh, 2016).

The aim of this review is to summarize the concept,
methodological approaches, and recent advances in pan-
genomics, with particular emphasis on its application
in plant and horticultural crops. The review further
highlights the status of pan-genomic studies in tropical
and sub-tropical fruit crops, along with associated
challenges and prospects for crop improvement.

2. CONCEPT AND EVOLUTION OF PAN-
GENOMICS

The concept of the pan-genome originated in
bacterial genomics, first formalized by Tettelin et al.
(2005) in their comparative study of Streptococcus
agalactiae. The pan-genome includes all genes present
within all strains of a species, representing both shared
and unique components. Since its introduction, the
concept has expanded to plants, fungi, and even animal
genomes as sequencing capacity increased (Tettelin
et al., 2005).

In pan-genomics, the core genome comprises genes
present in all individuals or strains of a species, forming
the essential functional backbone conserved across the
population, typically encoding housekeeping functions
like replication and metabolism. The dispensable (or
accessory) genome includes genes absent in some
strains but present in others, contributing to ecological
adaptability; unique genes are strain-specific elements,
often acquired via mobile elements, representing the
most variable fraction. These categories collectively
define the pan-genome as the union of all genes, with the
core stabilizing species identity while the dispensable
drives diversity and evolution (Matthews et al., 2024;
Oshkin et al., 2020).

Beyond the core—dispensable framework, pan-
genomes are often classified into soft-core genes
(present in most accessions), shell genes (moderately
frequent and associated with niche adaptation), and

cloud genes (rare, accession-specific, and often acquired
through horizontal transfer). This hierarchical structure,
commonly represented in pan-genome graphs, captures
gradual variation across populations and has been
shown to explain ecotype diversification, such as in
Prochlorococcus, thereby improving genome evolution
modeling and supporting applications in precision
agriculture and disease surveillance (Matthews et al.,
2024; Sarawad et al., 2025).

3. STRUCTURAL VARIATION AND
GENOME PLASTICITY IN PLANTS

Structural variations (SVs), including presence—
absence variations (PAVs), copy number variations
(CNVs), inversions (segment reversals), and
translocations (chromosomal relocations), which
collectively contribute to genetic and phenotypic
diversity (Yuanetal., 2021; X. Zhanget al., 2018). These
SVs have been extensively studied in crop species such
as rice, maize, wheat, and Brassica napus, where they
play a pivotal role in adaptation, domestication, and
breeding outcomes (Afsharyan et al., 2025; Springer
et al., 2009; Y. Zhang et al., 2024)

Transposable elements (TEs) are mobile DNA
sequences capable of self-replication and insertion can
create new insertions, deletions, or gene disruptions,
contributing to genomic rearrangements and regulatory
innovations (Hassan et al., 2024). They facilitate the
birth of novel genes and can alter gene expression under
stress conditions, thus promoting adaptability. Similarly,
whole-genome duplications (polyploidy) generate
redundancy, providing raw material for evolutionary
diversification through gene neofunctionalization and
sub functionalization. In Brassica napus and Bassia
scoparia, TE activity and segmental duplications have
been linked to agronomically relevant traits such as
stress tolerance and herbicide resistance, demonstrating
how mobile elements and duplications underpin plant
evolution and adaptation (Afsharyan et al., 2025; Hall
et al., 2025)

After whole-genome duplication, plant genomes
commonly undergo fractionation, marked by biased
gene loss and reorganization across duplicated regions.
Redundant gene copies are progressively removed or
diversified, leading to sub-genome asymmetry and
functional divergence while retaining essential genes.
In polyploid crops such as Brassica napus and wheat,
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fractionation is often biased toward one parental
sub-genome and is accompanied by rapid genomic
restructuring and epigenetic changes. This process
enhances genome plasticity and facilitates the evolution
of complex traits, enabling plants to adapt to diverse
and changing environments (Afsharyan et al., 2025; De
Oliveira et al., 2020; Weiss-Schneeweiss et al., 2013).

Structural variants are increasingly recognized
as major determinants of agronomic traits in plants,
influencing yield, stress response, flowering time,
and disease resistance. PAVs and CNVs often affect
key regulatory genes or biosynthetic pathways linked
to these traits. For instance, CNVs in flowering-time
genes like BnFLC in Brassica napus and SBEI in
sorghum have been linked to phenological diversity
and adaptation to distinct environments (Afsharyan
et al., 2025). Large-scale SV analyses in rice and
maize demonstrate that SV-enriched genomic regions
frequently harbour genes responsible for stress
responses and developmental regulation, underscoring
the functional importance of SVs in crop improvement
programs (Fuentes et al., 2019; Springer et al., 2009).

4. TRANSITION FROM LINEAR
GENOMICS TO PAN-GENOMICS

Reference bias arises when reads from diverse
genomes are mapped to a single linear reference,
leading to misalignment of non-reference alleles,
under-detection of structural variants like insertions/
deletions (up to 20% missed in crops), and skewed
variant frequencies that distort population genetics and
GWAS results. In microbial and plant studies, this bias
systematically excludes accessory genes and haplotype-
specific paths, inflating false negatives in regions
of high divergence, as demonstrated in comparative
analyses of bacterial isolates where pan-genome graphs
recovered 15-30% more variants (Matthews et al.,
2024; Urhan & Abeel, 2021).

Capturing the full genetic diversity of a species is
essential for understanding evolution, adaptation, and
phenotype variation. Since a single genome cannot
represent all allelic, structural, and PAVs across a
population, the pan-genome concept was introduced to
integrate all genetic sequences present within a species
(Loegler et al., 2025).

Pan-genome capture a comprehensive spectrum
of genetic variation, including Single Nucleotide
Polymorphisms (SNPs), CNVs, inversions, and
PAVs, enabling more accurate association studies and
functional annotations. In plants, variant detection
has revealed hidden variations influencing agronomic
traits, stress responses, and adaptation to diverse
environments. Furthermore, pan-genomes facilitate the
identification of lineage-specific genes and evolutionary
events, providing a foundation for studying genome
dynamics at population and species levels (Du et al.,
2025; Munir et al., 2020). Ultimately, pan-genomics
enhances the resolution and accuracy of genomic
analyses by bridging population-level variation with
functional genomics (Loegler et al, 2025; Naithani
etal., 2023).

By identifying the complete repertoire of genes
across cultivars and wild relatives, breeders can access
previously unexploited genetic variation for marker-
assisted selection and genomic prediction. Moreover,
pan-genome approaches facilitate the development of
super-pangenomes, integrating hundreds of de novo
assemblies to capture interspecies variation within crop
genera. These advances help breeders design crops
with enhanced adaptability and productivity under
changing climates (Du et al., 2025; Munir et al., 2020;
Tong et al., 2025).

5. APPROACHES FOR PAN-GENOME

CONSTRUCTION
Pan-genome  construction employs diverse
computational strategies to integrate multiple

genomes, evolving from  reference-dependent
alignments to de novo and graph-based models that
capture core and variable sequences across species.
These approaches balance comprehensiveness,
computational demands, and accuracy, with
iterative and map-to-pan methods suiting short-read
data while graphs excel in long-read resolutions.
The iterative mapping and assembly approach is one
of the earliest and most widely used methods for pan-
genome construction. It involves aligning short reads
from multiple individuals or accessions to a reference
genome, identifying novel genomic regions that fail to
align, and then assembling these unmapped reads to
expand the reference genome iteratively (H. Hu et al,,
2024; Jiang et al., 2024). This method progressively
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incorporates genetic variation across individuals,
capturing PAVs and novel genes absent in the reference.
While it provides an efficient and computationally less
demanding approach, it is highly dependent on the
quality of the initial reference genome and may miss
complex structural variants. Despite its limitations,
iterative assembly remains valuable for species with
relatively low diversity or limited genomic resources
(Glick & Mayrose, 2023).

The map-to-pan approach enhances reference-
based methods by incorporating novel sequences
from unmapped reads into a composite pan-reference,
enabling efficient detection of polymorphisms
and PAVs while preserving reference coordinates.
However, it remains prone to reference bias and may
inadequately represent highly divergent or structurally
complex genomic regions (H. Hu et al., 2024; Jiang
et al., 2024). Thus, while computationally efficient,
map-to-pan methods may be best suited for moderately
variable species with high-quality references.

Denovoassemblybuildseachgenomeindependently
without a reference, providing an unbiased approach to
capture novel genes, structural variants, and repetitive
regions. Comparing these assemblies identifies core
and accessory sequences that define the pan-genome.
While this method offers a comprehensive view of
genomic diversity, it is computationally demanding
and relies on high-coverage long-read sequencing for
accurate assembly (Jiang ef al., 2024; Urhan & Abeel,
2021). Recent improvements in long-read sequencing
technologies and assembly tools have significantly
enhanced the feasibility of large-scale de novo pan-
genome construction, allowing population-scale
analysis of structural variation.

Graph-based pan-genomes integrate multiple
genomes into a single graph rather than a linear
reference, with nodes representing genomic segments
and edges capturing alternative variants or structural
rearrangements. This structure enables variation-aware
read mapping and minimizes reference bias by allowing
alignment across multiple genomic paths (Andreace
et al., 2023; Matthews et al., 2024). Graph-based
pan-genomes surpass linear references in genotyping
accuracy and scalability, enabling bias-free read
mapping, while long-read technologies improve repeat
resolution. However, despite these advantages, graph-

based approaches remain computationally intensive
and depend on advanced visualization and alignment
tools that are still evolving (H. Hu et al, 2024). A
comparative overview of the different approaches for
the pan-genome assembly methods is given in the
Table 1.

Table 1. Comparison of Pan-genome Assembly Methods

Iterative
mapping De novo Graph
Feature and Map-to-pan assembly pan-
genome
assembly
Reference Reference- Reference- Reference- Reference-
based based free free
Assembly Short reads Contigs Genomes Genomes
level
Alignment Iterative Genome- Genome- Genome-
approach alignment wide wide wide
alignment alignment alignment
Sequencing Low depth Low depth High depth High depth
depth
requirements
Scope of Large-scale Large-scale Few Few
application group group individuals | individuals
Sequence Linear Linear Linear Graphic
storage entity
Computing Low Higher (in Higher Higher
resource case of large
requirements genomes)
Analysis of Only SNPS Inter Large SVs Some
SVs and indels individual highly
can be CNVs divergent
identified SVs
Cost Low Medium Higher Higher
Limitation | The sequence | Not suitable | The genome | Visualizing
fragment for scale needs to be storage is
is too short analysis of annotated, difficult and
to analyze complex which would | ambiguity
CNV genomes lead to bias may arise
during
sequence
alignment
Example Triticum Solanum Oryza sativa Setaria
aestivum lycopersicum (Schatz (He et al.,
(Montenegro | (Gao et al., etal, 2014), 2023);
Cabrera, 2019); Brassica Pennisetum
2018); Gossypium napus (Song glaucum
Sorghum herbaceum etal, 2020) | (Razaetal,
bicolor (J. Lietal., 2023)
(Ruperao 2021)
etal, 2021)

6. COMPUTATIONAL TOOLS AND
RESOURCES FOR PLANT PAN-
GENOMICS
Plant pan-genomics depends on advanced

computational tools for genome assembly, annotation,
storage, and visualization to manage multiple complex
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genomes, particularly those with high repeat content
and polyploidy. The field is rapidly evolving, with
graph-based approaches increasingly favoured for more
comprehensive and unbiased genome representation.

Recent advances in long-read sequencing, hybrid
assembly strategies, and telomere-to-telomere (T2T)
assemblies have greatly improved the accuracy of plant
pan-genomes, enabling near-complete and haplotype-
resolved assemblies of complex crops. Alongside
widely used alignment tools such as Minimap2, BWA-
MEM, and NGMLR, specialized pan-genome tools
support large-scale comparative analyses, allowing
more precise detection of structural variants and gene
presence—absence variations. An overall comparative
pan-genome tools are provided in Table 2.

Table 2. Comparison of Pan-genome Assembly Tools

Tool Name Read Type Approach Key Features
Pools unmapped
reads,
MaSuRCA Iterative metagenome-
(Zimin et al., S}(l}? néhg;lg mapping & aware, low
2013) y assembly memory (~5GB),
high precision for
novel sequences
Tri-HIFI mode for
Hifiasm (Cheng | Long (PacBio De novo polyplmd.s, phz}sed
o haplotype- assemblies, high
etal, 2021) HiFi, ONT)
v ’ resolved contiguity (N50
>10Mb)
Flye Repeat-aware,
(Kolmogorov Long (ONT, De novo polishing support,
etal,, 2019) PacBio) robust to low
v coverage
Canu (Koren Long (PacBio, De novo OS;?;CSOZZZ;Z%‘?
etal., 2017) ONT) for large genomes
Assembly-first
EUPAN (Hu then align to
etal., 2017) Short/Long Map-to-pan reference, high
recall for insertions
All-vs-all
PGGB Long (ONT alignment,
(Garrison et al., N Graph-based smooths noisy
PacBio)
2023) graphs, SV calling
integration
Minigraph- Reference-free
Cactus (Hickey Long Graph-based gr.aph from
et al., 2024) alignments,
v handles polyploidy
Panaroo De novo Filters
(Tonkin-Hill | Short (Illumina) ene-based contaminants, gene
et al., 2020) g family clustering

Accurate annotation of plant pan-genomes is vital
to distinguish between core, accessory, and unique

genes, but is often hindered by reference bias and
incomplete functional annotation pipelines. Traditional
annotation pipeline such as, MAKER, Augustus depend
on a single reference, leading to under representation
of lineage-specific genes (Campbell et al, 2014;
Stanke et al., 2006). Comparative approaches that
integrate ab initio, homology-based, and RNA-seq-
guided annotations have improved accuracy but still
face challenges in polyploid plants with high gene
redundancy. To address bias, pan-genome tools such as
PanTools and PGAP (Pan-Genome Analysis Pipeline)
incorporate multi-genome annotation and homology
detection to capture all gene variants (Bu et al., 2025;
Jonkheer et al., 2022). However, annotation consistency
remains a major issue in cross-species pan-genomes,
where ortholog detection can be confounded by gene
family expansion or contraction, resulting in inaccurate
clustering of homologous genes.

The massive data generated by pan-genomic
analyses pose significant storage and visualization
challenges. Traditional file formats (FASTA, VCEF,
GFF) are insufficient for multi-genome representations,
leading to the development of more scalable formats like
GFA (Graphical Fragment Assembly) and HDF5-based
pan-genome databases (Jayakodi et al., 2021; Naithani
et al., 2023). Visualization tools such as PanTools
Viewer, and JBrowse2 enable interactive exploration
of multi-genome alignments and annotations (Diesh
et al., 2023; Sheikhizadeh et al., 2016). However,
scalability and usability remain issues when visualizing
large graph-based data, especially for polyploid crops.

7. PAN-GENOMIC STUDIES IN
HORTICULTURAL AND FRUIT CROPS

Pan-genomic studies in horticultural and fruit crops
have progressed from staple crops to diverse fruits,
revealing extensive PAVs and SV that underpin traits
like yield and stress tolerance. These efforts highlight
both foundational insights and persistent challenges in
capturing varietal diversity.

Early pan-genome studies established foundational
frameworks in soybean, rice, and Brassica,
demonstrating open gene pools where dispensable
genes comprised 20-30% of the total. Soybean’s
PanSoy from 204 cultivated accessions identified
millions of SVs and confirmed PAVs in trait genes via
long-read validation, while rice pangenomes captured
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subpopulation-specific contigs absent in Nipponbare,
enhancing GWAS for grain traits (Torkamaneh et al,,
2021). Comparative chart for the up-to-date pangenome
studies and their key findings in fruit crops is given in
Table 3

Pan-genomics has recently been applied to
tropical and subtropical fruit crops, revealing
extensive intraspecific genetic diversity important for
fruit quality, disease resistance, and environmental
adaptation. Studies in crops such as mango, citrus,
banana, pineapple, and tomato have uncovered high
heterozygosity, transposable element—driven genome
plasticity, and abundant SVs and PAVs influencing traits
like flavour, fruit size, acidity, ripening, and hybrid
vigour. Wild—domesticated comparisons often reveal
10-20% novel genes, providing valuable resources
for marker development despite challenges posed by
polyploidy. Pangenome construction over the year with
the rapid sequencing technologies is shown in Fig. 1.

Overall, these fruit crop pan-genomes expose
thousands of structural variants, novel genes, and allelic
differences that shape key agronomic traits, including
stress tolerance and disease resistance. Together, they
demonstrate the power of pan-genomics to elucidate
domestication processes and support molecular
breeding for quality and resilience in fruit crops across
diverse environments.
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Fig. 1. Timeline showing the year-wise expansion of pan-genome studies
across major fruit crops, reflecting increasing crop diversity and adoption
of pan-genomic approaches over time

Pan-genome browsers dedicated exclusively to
fruit crops remain scarce, with most studies relying on
general plant portals or study-specific viewers rather
than standalone fruit pan-genome interfaces. PlantPan
provides the broadest multi-species fruit coverage,
featuring gene-centric PAV matrices and ortholog
clusters for few fruit crops (Jiang et al., 2025). The
Banana Genome Hub employs Panache for Musa-

Table 3. Summary of pangenome studies in fruit crops and their

key genomic findings

Fruit Findings Reference
Built tomato pan-genome (725 accessions,
+4,800 novel genes).
Found domestication-lost genes (especially
Tomato disease resistance). (Gao et al.,
Identified rare TomLoxC allele regulating 2019)
fruit flavour.
Rare allele mostly absent in modern
cultivars but present in wild relatives.
Built apple pan-genome with phased
. diploid assemblies. (X. Sun
Apple Dlscovereq ~3',OOO 'novel genes. etal.
Traced domestication history and allele- 2020)
specific expression.
Linked PAVs to trait-associated alleles.
Constructed Musa—Ensete cross-genera
pan-genome. . .
Identified extensive PAVs and genomic (Rijzaani
Banana .. etal,
. .varlatlonA 2022)
Revealed high divergence between the two
genera.
Tracked evolutionary dynamics of gene
families. (Qiao
Strawberry Linked PAVs to key agronomic traits. etal.,
Highlighted domestication-driven gene 2021)
changes.
Identified ~5,000 novel genes and abundant
PAVs.
Muskmelon Linked SVs/PAVs t.0 fruit morphology (Z[' Szl,n
. s 2022)
Provided genetic basis for trait-associated
variation.
Built pan-genome of three major Chinese
chestnut varieties.
Identified gene family expansions and (G.Hu
Chestnut contractions. etal.,
Detected extensive PAVs across varieties. 2022)
Linked homologous genes to agronomic
traits.
Identified ~1,000 novel genes.
Discovered resistance gene analogs (Yang
Wax Gourd (RGAs). etal,
Linked PAVs to fruit quality and trait 2023)
variation.
Constructed blueberry and cranberry pan-
genomes. (Yocea
Blueberry, Identified extensive gene PAVs across ot al
Cranberry accessions. ) 023")
Revealed candidate genes for fruit quality
and stress tolerance.
Built grapevine pan-genome (hundreds of
accessions).
Identified >20,000 SVs and thousands of .
. PAV. (Z.Liu
Grapevine Linked variants to disease resistance and etal,
2024)

fruit flavour traits.
Provided toolkit for genomic breeding in
Vitis.
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Built haplotype-resolved T2T assemblies
and pan-genome graph of pear.
Identified extensive PAVs and SVs across Q. Li
Pear | accessions. . etal.,
Revealed diverse allele-specific expression 2024)
patterns.
Linked structural variants to fruit quality
traits (flavour, texture).
Built graph-based kiwifruit pan-genome.
Identified SV underlying key traits.
. Found SVs regulating fruit degreening (Wang
Kiwifruit . Lo etal,
during ripening. 2024)
Resource enables improved fruit quality
breeding.
Constructed citrus pan-genome focusing on
germin-like proteins (GLPs) gene family.
Identified extensive gene family diversity (Tahir ul
Citrus and PAVs across species. Qamar
GLP genes showed strong roles in disease etal.,
resistance. 2025)
Provided genomic insights for citrus
improvement and stress resilience.
Revealed thousands of PAVs and SVs
missed by single refe.rence. ‘ (Ahmad
Showed strong reference bias affecting
Mango . . etal,
population genomics. 2025)
Provided resource for mango trait discovery
and breeding.
Built graph pan-genome of peach.
Identified SVs and PAVs linked to malate
content. (Chen
Peach Found NAC transcription factors regulating etal,
fruit acidity. 2025)
Provided genetic basis for flavour and
quality improvement.

specific pan-gene heatmaps across accessions (Droc
et al., 2013). Citrus, kiwifruit, and tomato have their
separate pangenome browsers (B. Li et al, 2025;
H. Liu et al., 2022; Zhou et al., 2022). While crop
summaries embedded pan-modules in JBrowse for
citrus and grapevine, underscoring that true fruit pan-
genome browsers lag, often limited to offline ODGI
tools or supplementary data (Guarracino et al., 2022;
Naithani et al., 2023).

8. APPLICATIONS OF PAN-GENOMICS IN
FRUIT CROP IMPROVEMENT

Fruit crop pan-genomics revolutionizes crop
improvement by capturing full genetic diversity
beyond single references, enabling discovery of trait-
associated variants and accelerating precision breeding.
This approach addresses genetic bottlenecks in elite
varieties, integrating core/accessory genes for yield,
quality, and resilience.

Pan-genomics has enabled the discovery of
novel genes and allelic variants that were previously
undetectable using single-reference genomes. By
integrating genomes from multiple accessions,
researchers can capture the full spectrum of genetic
diversity, including PAVs and SVs that often underlie
agronomic traits. For example, the Setaria (foxtail
millet) pan-genome uncovered over 73,000 gene
families and revealed key yield-related alleles such
as SiGW3, whose promoter variation influences
expression and productivity (He et al., 2023)

Pan-genomics enables detailed analysis of evolution
and domestication by revealing genomic changes
underlying crop adaptation. For example, the spinach
pan-genome uncovered more than 193,000 structural
variants linked to key domestication traits such as
sex determination, bolting time, and seed dormancy
(She et al., 2024). Crop wild relatives (CWRs) are
rich sources of genetic diversity that can improve the
resilience and productivity of modern cultivars. Pan-
genomic approaches facilitate the identification and
introgression of valuable alleles from wild species into
cultivated crops. By enabling Pan-GWAS and graph-
based analyses, pan-genomics is reshaping breeding
strategies, allowing more accurate mapping of complex
traits and supporting precision and predictive breeding.

Pan-genomics is increasingly moving from a
discovery tool to a practical component of modern
breeding by integrating structural variation data with
genome-wide association studies (GWAS), genomic
selection (GS), and emerging Artificial Intelligence
(Al) -based prediction models. Unlike single-reference
genomes, pan-genomes capture a broader spectrum of
genetic diversity, including SVs and PAVs, which are
often responsible for key agronomic traits but remain
undetected in conventional analyses (Jayakodi et al.,
2021; Du et al., 2025).

In breeding programs, pan-genome-enabled GWAS
(Pan-GWAS) enhances trait mapping by incorporating
non-reference sequences and structural
For example, the tomato pan-genome identified the
TomLoxC allele associated with fruit flavour that was
lost during domestication, providing a direct target for
reintroduction into elite cultivars (Gao et al., 2019).
Similarly, graph-based pan-genomes have improved
locus discovery and reduced missing heritability in

variants.
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tomato and other crops (Zhou et al., 2022), while in
grapevine and citrus, pan-genomic analyses have
revealed structural variants and gene family expansions
linked to disease resistance and fruit quality traits,
supporting their direct use in marker-assisted breeding
(Liu et al., 2024; Tahir ul Qamar et al., 2025).

Pan-genomics also strengthens genomic selection
by improving marker representation and predictive
accuracy. Incorporating SVs and PAVs into GS models
captures functional variation beyond SNPs, leading to
better prediction of complex traits, particularly in crops
with high structural diversity (Ruperao et al., 2021;
Jayakodi et al., 2021). This is especially valuable for
perennial fruit crops, where early and accurate selection
can significantly reduce breeding cycles and improve
genetic gain.

Furthermore, the integration of pan-genomic data
with Al and machine learning approaches is enabling
next-generation predictive breeding. By combining
pan-genomic variants with multi-omics and phenotypic
datasets, Al models can better capture complex
genotype—phenotype relationships and environmental
interactions (Tong et al., 2025; Du et al, 2025).
Together, these advances support an integrated
breeding framework in which pan-genomes inform
variant discovery (Pan-GWAS), enhance prediction
(GS), and enable data-driven selection (Al), ultimately
accelerating the development of high-quality, climate-
resilient fruit crop varieties.

9. CHALLENGES AND RESEARCH GAPS

Despite major advances in pan-genomics for staple
cereals and legumes, fruit and horticultural crops remain
underrepresented in pan-genomic research. This gap
largely arises from the biological complexity of many
fruit crops, including polyploidy, high heterozygosity,
clonality, and large genome sizes, which complicate
genome assembly and accurate variant detection.
Perennial growth habits further limit the availability
of diverse, well-characterized germplasm for large-
scale sequencing. Consequently, many economically
and nutritionally important fruit crops particularly
those from tropical and subtropical regions lack
comprehensive pan-genomic resources needed for trait
discovery and modern breeding.

Horticultural — crops, particularly  perennial
fruit trees, and clonally propagated species remain
underrepresented in pan-genomics compared to annual
grainslimiting insights into domestication sweeps
and trait loci. Wild relatives (CWRs), critical for
resilience alleles, are scarcely included; for instance,
banana’s seven-accession pan-genome overlooks Musa
balbisiana diversity essential for Fusarium resistance
(H. Hu et al.,, 2025; Roy et al., 2025; Sabety et al,
2024). Expanding pan-genomic efforts to diverse fruit
species is thus essential to represent the full spectrum
of horticultural diversity.

A major limitation of current fruit crop pan-
genomes is the narrow representation of cultivars, as
many studies focus primarily on elite or commercial
varieties while neglecting landraces, wild relatives,
and local ecotypes that contain valuable adaptive and
novel genetic variation. This restricted sampling leads
to an underestimation of structural and presence—
absence variations, resulting in a biased view of
species-wide diversity. In addition, although whole-
genome sequencing has advanced rapidly, limited
integration of transcriptomic data has constrained
functional annotation, with most fruit pan-genomes
lacking extensive RNA-Seq resources to link genomic
variation with gene expression, development, and
stress responses.

User-friendly pan-genome resources for fruits are
scarce, with data confined to supplements or project-
specific JBrowse rather than centralized portals like
PlantPan; visualization tools (Odgi, Panache) require
expertise, limiting breeder access to SV/PAV queries
(Guarracino et al, 2022; Jiang et al, 2025). No
comprehensive fruit pan-genome hub exists hindering
federated analysis across mango-citrus-grapevine;
future needs include Al-phased graphs and phenotype-
linked databases.

10. FUTURE PERSPECTIVES AND
CONCLUSIONS

Pan-genomics has become an essential approach for
comprehensively representing genetic diversity within
plant species, addressing the shortcomings of relying
on a single linear reference genome. By encompassing
core, variable, and accession-specific genomic regions,
pan-genomic frameworks offer a more complete view
of genome organization, evolutionary dynamics, and
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functional diversity. This is especially valuable for
plant and horticultural crops that exhibit high levels
of genetic variation and complex genome structures.
In recent years, pan-genomic studies of tropical and
subtropical fruit crops have uncovered extensive SVs
and PAVs that were previously undetectable, shedding
new light on the genetic basis of important traits,
domestication processes, and adaptation to diverse
environments.

Future progress in pan-genomics will depend on
its integration with artificial intelligence (Al) to enable
predictive breeding. A key priority is the development
of Al-ready pan-genomic datasets that combine SVs and
PAVs, and gene presence/absence matrices with high-
quality phenotypic and environmental data. Graph-
based pan-genomes provide an effective framework for
this integration, allowing machine learning models to
capture complex and non-linear genotype—phenotype
relationships that are often missed in SNP-based
analyses.

For practical implementation, breeders can adopt
a stepwise pipeline: (i) construct diverse pan-genomes
including wild relatives, (ii) identify trait-associated
variants through Pan-GWAS, (iii) incorporate SVs and
PAVs into genomic selection models, and (iv) apply Al
or deep learning models to predict trait performance and
select superior genotypes. Developing user-friendly
platforms that integrate pan-genome data with Al-based
prediction tools will be critical to enable routine use in
breeding programs and accelerate the development of
climate-resilient, high-quality fruit crops (Zhou et al.,
2022; Liu et al., 2024).

Nevertheless, the application of pan-genomics in
fruitcropsfacesnotablechallenges,includinginsufficient
representation of diverse accessions, complications
arising from heterozygosity and polyploidy, and the
substantial computational demands of constructing
and visualizing large pan-genomes. Overcoming these
limitations will depend on incorporating a wider range
of wild relatives and landraces, expanding the use of
long-read sequencing technologies, and developing
more efficient and accessible analytical platforms.
Looking ahead, pan-genomic research is expected to
evolve toward population-scale, graph-based models
integrated with functional annotation and multi-omics
data. These advancements will strengthen the role of

pan-genomics in trait discovery, molecular breeding,
and the development of climate-resilient fruit crops,
supporting sustainable horticultural improvement in
the future.
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