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Global food security depends heavily on a few staple crops, while orphan
crops, despite being less studied, offer the potential benefits of environmental

adaptation and enhanced nutritional traits, especially in a changing climate.
Major crops have benefited from genomics-based breeding, initially using
single genomes and later pangenomes. Recent advances in DNA sequencing
have enabled pangenome construction for several orphan crops, offering a
more comprehensive understanding of genetic diversity. Orphan crop
research has now entered the pangenomics era and applying these pangen-
omes with advanced selection methods and genome editing technologies can
transform these neglected species into crops of broader agricultural

significance.

As of 2023, it was estimated that more than 780 million individuals,
representing at least 10.5% of the global population, face conditions of
hunger'. Currently three major crop species; rice, maize and wheat
provide over half of the calories consumed globally’. While major
staple crops have been extensively bred for high yields and specific
adaptive traits, this intensive selection has led to reduced genetic
diversity, potentially limiting their adaptability to rapidly changing
climate conditions®. With an increasing population and the predicted
impact of climate change on crop production, particularly in regions
that already suffer food insecurity’, the prevalence of hunger is
expected to rise. This poses significant challenges in achieving the
United National Zero Hunger Goal by 2030°. Orphan crops, also known
as underutilised, neglected, minor, indigenous or niche crops, are
typically cultivated in specific, often limited, geographic regions under
low-input, resource-scarce conditions®. Unlike major staple crops,
orphan crops receive minimal attention in terms of research, breeding,
and commercial investment. Despite this, orphan crops often have
significant agronomic advantages and hold substantial economic
importance for smallholder farmers, demonstrating resilience to
diverse environmental conditions and possessing high photosynthetic
efficiency’. Additionally, orphan crops provide valuable nutritional
benefits, playing an essential role in food systems by supporting local
diets and meeting regional food demands. For example, pearl millet

and cowpea are known for their heat and drought tolerance®®, lupin for
its high protein content’, chickpea as an affordable protein source for
low-income countries" and foxtail millet for its rich fibre and mineral
content. Thus, accelerating the breeding of orphan crops is a pro-
mising avenue to improve equitable food and nutrition access globally.

Recent advances have led to the generation of high-quality
reference genome assemblies and the identification of functional
genes and adaptive alleles in orphan crops”. More than 80 genome
assemblies are now available for orphan crops across various families,
including species from Fabaceae, Poaceae, Amaranthaceae, Euphor-
biaceae and Dioscoreaceae. Population-wide genomic resequencing
studies, though not yet widespread among orphan crops, have been
conducted in some species such as pearl millet'*, buckwheat®”, lablab'
and lupin”. These efforts have enabled the dissection of evolutionary
histories, the analysis of population structure, and the identification of
causal genes associated with agronomic traits, together accelerating
genomics-based breeding of orphan crops. However, a single refer-
ence genome assembly is inadequate in representing the genetic
diversity of a species, limiting its effectiveness in genomics based
breeding'®. To address this reference bias, pangenomes have been
developed that more accurately represent the genomic diversity of a
species. By applying pangenomics, researchers can uncover the
extensive, and often unexplored, genetic diversity within orphan crops
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and their wild relatives, paving the way for the accelerated application
of genomics for crop improvement'®%,

In this Review, we summarise the three major approaches for
pangenome construction and their advantages and limitations for crop
improvement. We discuss the genomic advances in orphan crop
breeding, including genomic selection and genome editing, while
recognising the limitations of using a single reference genome. We
highlight the advantages of using pangenomes as references and
summarise the key findings from recent pangenomic studies in orphan
crops. Lastly, we discuss how the incorporation of multi-omics data-
sets, machine learning and genome-editing approaches can support
pangenomics-driven molecular breeding. The integration of these
approaches offers the potential to reposition historically underutilised
crops with untapped potential to crops of core agricultural impor-
tance, facilitating the production of novel crop varieties for the sus-
tainable intensification and diversification of global food production.

Pangenomics principles, construction and applications for
orphan crop improvement

A pangenome comprises core genes present in all individuals, dis-
pensable genes that are only found in some individuals and private
genes that unique to a single individual. Many pangenomes focus on
the gene content of a species, however with the increased availability
of high-quality genome assemblies and graph pangenome methods,
pangenomes increasingly capture a wider range of structural varia-
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tions including chromosomal rearrangements (inversions and
translocations)?. Pangenome studies have highlighted the impact of
domestication and breeding on genome content, with a reduction in
genome size and gene number per individual often observed in
domesticated species compared to their wild relatives***. The types of
genes lost during domestication and breeding include genes asso-
ciated with disease resistance and abiotic stress, that may impose a
yield penalty in modern agricultural systems where these factors are
controlled or not present”. Knowledge of orphan crop pangenome
content together with an understanding of which genes are lost during
domestication of related species can help guide the improvement of
these orphan crops while maintaining valuable disease resistance and
stress tolerance traits™.

Advances in sequencing technologies have given rise to three
primary methods for pangenome construction (Fig. 1 and Table 1): de
novo assembly and comparison; reference genome-based iterative
assembly; and graph-based pangenome construction’’. The de novo
assembly method entails constructing genome assemblies from
selected representative accessions and comparing them to delineate
shared and variable genomic regions. The advent of long-read
sequencing technologies from companies including Pacific Bios-
ciences and Oxford Nanopore Technologies have significantly
enhanced the quality and completeness of plant genome assemblies,
enabling a comprehensive analysis of structural variations between
individuals”. HiFi sequencing is capable of generating high-quality
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Fig. 1| Three primary methods for pangenome construction. a de novo assembly and comparison; (b), reference genome-based iterative assembly; and (c), graph-based

pangenome construction.

Table 1| Advantages and limitations of three pangenome construction methods

Method Subcategory method  Advantages Limitations
De novo assembly and Whole genome Enables precise detection of structural variants (SVs) Assembling population-level accessions with long-read
comparison alignment between high-quality genome assemblies sequencing remains computationally intensive and

costly.

Gene annotation

For orphan crops with complex genomes, focusing

May miss key structural variations like tandem duplica-

comparison on gene-centric comparisons can help simplify this tions or inversions in non-coding regions
complexity
Reference-based itera- Mapping and assembly Uses low-coverage short-read sequencing, makingit  Short-read assemblies struggle with complex repeat
tive assembly cost-effective for larger sample sizes regions and lose positional information for genetic var-
iants in new contigs
Assembly and Cost-effective for short-read data, accurately locat- Cannot detect complex structural variations like inver-
mapping ing insertions with PSVCP for single-reference sions and has difficulty representing them in a linear

applications

format

Genetic varia-
tion graph

Graph pangenomes

heritability

Capture genetic diversity, enhance structural varia-
tion representation, improve alignment, and reveal

Lack of mature bioinformatics tools, difficulty in inter-
pretation, and high computational demands

Nature Communications | (2025)16:118


www.nature.com/naturecommunications

Review article

https://doi.org/10.1038/s41467-024-55260-4

orphan crop reference genome assemblies because it combines long
read lengths with exceptional accuracy and relatively low cost. The
accurate long reads (10-25kb) can span complex and repetitive
regions of the genome, enabling the generation of more complete and
contiguous assemblies. Additionally, with the introduction of the latest
SPRQ chemistry, HiFi sequencing can achieve higher throughput with
lower costs. This affordability can benefit laboratories in lower-income
countries by making orphan crop genome sequencing more acces-
sible. However, the costs remain prohibitive for large scale population
studies. For some orphan crop species with repetitive, heterozygous
and polyploid genomes, such as quinoa and sweet potato, accurate
whole genome alignment is challenging, and focusing on gene-centric
comparisons can simplify genome complexity.

The iterative assembly approach for pangenome construction
starts with a “map first, then assemble” strategy by aligning reads to a
selected reference genome, then assembling unaligned reads into non-
reference contigs that are then integrated into a linear pangenome
reference *°. This is a very cost-effective approach for population scale
analysis by enabling the accurate identification of genetic makers such
as SNPs, small insertions/deletions and gene PAV, because as little as
10x Illumina short read sequence coverage is sufficient for each indi-
vidual. Relatively cheap short read data can also be aligned to pan-
genome graphs to understand which paths through the graph
represent the genomic structure of the individual sequenced. How-
ever, this method is limited by the challenge of accurately placing the
newly assembled contigs within the genome. An alternative “assemble
first, then map” strategy involves the de novo assembly of individual
genomes followed by constructing a linear pangenome by mapping
these assemblies to a reference genome?”.

Recently, the graph-based pangenome approach has emerged as
an alternative to linear-format plant pangenomes®. A graph-based
pangenome is an advanced representation of genomic information
that captures the genetic diversity within a species by using graph
structures instead of traditional linear sequences, allowing for visua-
lisation of structural variations such as inversions and duplications®.
Graph-based methods enable more accurate representation of geno-
mic variation, enhancing read alignment and capturing missing herit-
ability in trait association studies, but are limited by the complexity
involved in efficient graph pangenome construction and interpreta-
tion of graph-based structures®. An optimised approach may include a
combination of graph pangenome construction from a representative
subset of individuals, followed by iterative mapping of short reads
from a large population to capture rare genes and assess genomic
variation across the broader population, providing both large scale
and structurally detailed information for a species.

Current state of genomic studies in orphan crops

Orphan crops are often central to local diets and agricultural practices,
particularly in regions of Africa, Asia, and Latin America®*. Many of
these crops, such as finger millet (Eleusine coracana), tef (Eragrostis tef)
and quinoa (Chenopodium quinoa), have a rich history of cultivation
and traditional use. Despite their potential to enhance equitable food
access and resilience in agricultural systems, genomic studies on these
crops have been relatively sparse. However, advances in sequencing
technologies, particularly reducing costs, have started to narrow this
gap, enhancing our understanding of orphan crop genetic diversity
and potential for improvement.

Early orphan crop genome sequencing efforts targeted crops such
as sorghum®, pigeonpea®, and chickpea®, followed by a polyploid
genome assembly for quinoa®. In the past few years, telomere-to-
telomere (T2T) reference genomes for cassava®, foxtail millet”?, and
sorghum® have been generated and applied to understand the geno-
mic basis of adaptive and agronomic traits. These genome assemblies
serve as foundational references for genomic improvement. For
example, the genome sequence of the chickpea variety CDC Frontier

identified more than 28,269 genes, including candidate genes for
important agronomic traits such as disease resistance and deep
rooting-based drought tolerance™. Varshney et al. further sequenced
90 chickpea accessions and provided insight into the molecular evo-
lution of the two main market types of chickpeas, desi and kabuli, by
identifying genomic regions that have undergone selective sweeps or
are under balancing selection®. This analysis helped identify candidate
genes that could be harnessed for enhancing disease resistance and
regulating seed size. Similarly, the reference genome sequence of
pigeonpea facilitated the identification of gene families associated
with drought tolerance, supporting the development of improved
varieties that enhance equitable food access in semi-arid tropical
regions®.

As more than 90 percent of crop research funding is focused on
major crops®, there is potential for cross-species comparisons, lever-
aging existing resources and knowledge of major crops to improve
agronomic traits in orphan crops through the identification of homo-
logous genes. For example, the sorghum orthologue of the maize
domestication gene TBI regulates tillering in both sorghum*° and pearl
millet", demonstrating the conserved nature of genetic mechanisms
across different species that can be exploited for orphan crop
improvement. The buckwheat orthologue FAMYB44 of the Arabidopsis
gene AtMYB44 plays an important role in regulating flavonoid
accumulation*’. Furthermore, rice orthologues of the shattering gene
SHI and the grain size controlling gene GWS retain their function in
foxtail millet*. Conversely, insights into recently identified genes
associated with nutritional content or stress tolerance in orphan crops
offer potential for improving these traits in major crops. For example,
key genes associated with heat and drought tolerance, such as Purple
acid phosphatases PAP18** and Heat shock proteins HSP70° and
HSP90", have been characterised in pearl millet. Such genes represent
novel genetic resources that can be utilised to bolster climate-
resilience in staple crops, an approach that may be essential in main-
taining productivity in uncertain future climate scenarios. Through
genomic dissection of stress tolerance and comparative genomics,
Islam et al. transferred the pearl millet glutathione peroxidase (PgGPX)
gene into rice using transgenic approaches*®, enhancing salt and
drought tolerance. However, it is important to note that current
comparative genomics studies of orphan crops have predominantly
been performed at the single species and single reference level
(Table 1).

Crop wild relatives and landraces are recognised for harbouring
genes associated with agronomic traits, including abiotic and biotic
stress tolerance, that have been reduced or lost in modern crops
through domestication and selective breeding. Genome sequence
analysis of these crop wild relatives supports the identification of these
lost genes and enables their assessment for being brought back into
modern germplasm. For example, genome sequencing of 994 pearl
millet lines distinguished four major genetic clusters, confirming the
West African origin of the species and identifying genomic regions
showing reduced diversity in cultivated germplasm'. While
population-scale resequencing provides insights into the genetic
profiles of domesticated and agronomic traits, most studies have
relied on a single reference genome and focused on single nucleotide
polymorphism (SNP) markers (Table 1), overlooking variation that is
present in non-reference genome regions, including structural var-
iants, that could contribute to additional phenotypic variability,
thereby underestimating heritability*’. This limited genetic perspec-
tive not only reduces the resolution of trait association studies but also
biases comparative genomic studies, potentially leading researchers to
mistakenly infer the presence or absence of genes in a species based
solely on their occurrence in the single reference genome.

Genomic selection is an efficient approach for predicting complex
traits and informing breeding decisions that involves the use of
genome-wide markers to estimate the genetic potential of individuals

Nature Communications | (2025)16:118


www.nature.com/naturecommunications

Review article

https://doi.org/10.1038/s41467-024-55260-4

within a breeding population without requiring phenotypic data for
every individual. Genomic selection has been widely applied in major
crops such as maize*® and wheat*, as well as orphan crops including
pearl millet", common bean®, pigeonpea® and cassava®’. For example,
Varshney et al. performed a comprehensive resequencing of 994 pearl
millet lines, significantly improving the accuracy of genomic selection
for grain yield prediction®. Their strategy incorporated both additive
and dominance genetic effects to predict hybrid performance, iden-
tifying 170 high-potential hybrid combinations. Among these combi-
nations, 11 have already been successfully used to develop high-
yielding varieties, with the remaining 159 offering promising candi-
dates for future hybrid development. However, single reference gen-
ome based genomic selection still faces several limitations, including
genetic marker representation bias, the overlooking of structural
variants, and imputation errors due to missing genotype information.
Therefore, it is important to develop pangenomes to enable compre-
hensive marker identification and enhance the precision of genomic
selection.

CRISPR/Cas9 technology has transformed our ability to validate
gene function and introduce desirable traits in orphan crops. Orphan
crops are often more stress-tolerant compared to major crops; how-
ever, traits related to yield and grain quality in these crops may require
improvement. Gene editing technology has facilitated the refinement
of orphan crops, through the targeted modification of selected genes’.
For example, Lemmon et al. used CRISPR-Cas9 to modify domestica-
tion genes associated with plant architecture, flower production, and
fruit size in groundcherry, demonstrating the potential of domes-
ticating and redesigning orphan crops®. Similarly, the application of
CRISPR/Cas9 genome editing successfully targeted the SEMIDWARF-1
(SD-1) gene orthologue in tef, resulting in the development of semi-
dwarf tef plants that exhibit enhanced resistance to lodging®. This
technology has also been applied to modify traits including photo-
synthesis in broomcorn millet™, seed shattering in green foxtail*®, and
disease resistance in cassava’’. Moreover, genes identified in orphan
crops can be targeted in major crops. For instance, by identifying the
gene responsible for the biosynthesis of the allelochemical 2,4-dihy-
droxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA) in the genome of
cockspur grass (Echinochloa crus-galli)®® and applying gene editing
technology, DIMBOA-resistant rice cultivars were developed®, redu-
cing the need for herbicide application. However, a lack of compre-
hensive genomic information for many orphan crops underscores the
need for pangenomes that can facilitate the identification of gene
targets for editing®’.

Progress and findings of pangenome studies in orphan crops

Advances in DNA sequencing technologies and analysis methods have
accelerated pangenome studies in orphan crops (Supplementary
Data 1). Recent studies include foxtail millet*®, pearl millet®, broomcorn
millet®, pigeonpea®, chickpea®®*, mung bean®, common bean®,
sorghum®”8, lupin®®’® and cassava’. Due to the cost of generating de
novo genome assemblies and issues with genome assembly quality,
early pangenome studies on orphan crops relied on the reference
genome-based iterative assembly approach. A study encompassing
3366 chickpea accessions captured genetic diversity and characterised
the population structure across cultivated chickpea and its wild
progenitors®, revealing insights into species divergence and migra-
tion, and identifying superior haplotypes and novel alleles linked to
important yield related agronomic traits, such as plant height, seed
weight, days to maturity and yield. Similarly, a pangenome study based
on the mung bean reference genome of variety Vrad_JL7 together with
354 accessions identified PAVs under selection that are important for
the regulation of flowering®. The PAV-based GWAS in this study
identified a 136 kb insertion on chromosome 4 associated with colour
traits, with its presence correlating with purple coloration in buds,
flowers, young stems, and petioles, and its absence resulting in green

or yellow hues in these tissues. Cortinovis et al.*® constructed the first
common bean pangenome by assembling four high-quality genomes
and resequencing 339 accessions. Their findings indicate that partial or
complete gene loss was a key adaptive change, with selection sig-
natures linked to wild differentiation and domestication, contributing
to a smaller pangenome in the Andean population compared to the
Mesoamerican gene pool. Hufnagel et al.*’ characterised PAVs within a
white lupin pangenome, uncovering genetic variation between land-
races and wild species. Ethiopian landraces exhibited greater genetic
differentiation compared to other landraces and possessed a greater
number of newly identified genes. However, Ethiopian landraces also
lacked a number of genes related to abiotic stress tolerance that are
present in the reference genome, including nine tandemly duplicated
homologues of AtFRO2 on chromosome 17 that potentially contribute
to adaptation to the iron-rich soils of the Ethiopian highlands.

Recent advances in graph-based pangenomes have enhanced the
detection and characterisation of haplotypes across populations of
chickpea®, foxtail millet’?, pearl millet®, broomcorn® and sorghum®,
The construction of the Cicer graph-based pangenome revealed
genetic variation and superior haplotypes affecting flowering time,
vernalisation and disease resistance, with associated molecular mar-
kers that can be applied in chickpea breeding®. Graph-based pan-
genome analysis of foxtail millet facilitated the identification of a yield-
associated gene, and defined a 366 bp PAV in its promoter region that
suppresses the expression of SiGW3, enhancing grain weight in
domesticated foxtail millet varieties*. A graph-based pangenome for
pearl millet provided a comprehensive map of SVs, supporting trait
association in this species. SVs between heat-resistant and heat-
sensitive materials lead to differential expression of 11 endoplasmic
reticulum (ER)-related genes, with additional SVs in other ER-related
genes associated with heat stress adaptation®. Comparative genomic
analysis of 11 pearl millet genomes and ten other genomes including
rice, barley, sorghum and Arabidopsis revealed a significant expansion
of the RWP-RK domain transcription factor family in pearl millet.
Functional analysis further validated that the RWP-RK transcription
factor PMFOG00024.1 positively regulates heat tolerance by transac-
tivating two ER-related genes: one encoding an immunoglobulin pro-
tein (PMA2G00107.1) and the other encoding an oligosaccharyl
transferase complex (PMA4G03758.1).

Pangenomes surpass single-reference genomes for orphan crop
studies

Pangenomics outperforms traditional single-reference genomics by
offering more comprehensive insights into genetic diversity (Fig. 2 and
Supplementary Data 2). Single reference SNP-based analyses generally
capture single-nucleotide variation across the population, providing
insights into fine-scale genetic differentiation. In contrast, pange-
nomics PAV-based analyses, which focus on the presence or absence of
gene or genomic sequences, can reveal broader structural variation
patterns and population-specific adaptations. For example, studies in
green millet*®, mung bean® and white lupin®® indicate that differences
in population structure and clustering patterns associated with adap-
tation process are observed between SNP- and PAV-based phyloge-
netic analyses. Pangenomes enable cross-genus analyses and the
translation of knowledge for crop improvement. For example, the
comparative analysis of six legume species pangenomes, including the
orphan crops chickpea, pigeonpea, and groundnut, identified con-
served and expanded gene families associated with nodulation as well
as unique gene families that contribute to oil biosynthesis in ground-
nut and soybean’. Pangenomes are also required for efficient genome
editing as knowledge of gene PAV and copy number is required prior
to modification. Capturing intraspecific or interspecific diversity
through a pangenome is also important for gene and genome editing,.
It allows for the design of cultivar-specific sgRNAs and facilitates the
translation of characterised mutagenesis sites from major crops to
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species. ¢ Pangenome-wide association studies utilising PAVs and SVs uncovers
missing heritability, efficiently pinpointing functional genes associated with com-
plex traits. d Pangenomes facilitate more efficient and precise genomic selection by
enabling accurate haplotype construction and providing an expanded set of SNP
and SV markers, thereby enhancing the dissection of complex traits and informing
breeding decisions. e Pangenome-wide cross-genus comparison among different
species allows the translation of knowledge between major crops and orphan
crops. f New genetic variations and genes captured by pangenomes can be used as
novel target sites for gene/genome editing, increasing the efficiency of the editing
process of targeted trait.

orphan crops”. Moreover, pangenomes facilitate more efficient and
precise genomic selection by allowing accurate haplotype construc-
tion and supplying an expanded set of SNP and SV markers™. These
additional markers enrich the training dataset and enhance the power
of statistical models in genomic prediction. Pangenome based geno-
mic selection has been successfully applied in sorghum and chickpea.
Jensen et al.”> constructed a sorghum pangenome haplotype graph
utilising 24 founder lines. They employed this graph to impute over
2700 training data samples with sequence coverage as low as 0.01x,
resulting in a relatively low genotype error rate (3-5.9%). Moreover,
using haplotype-based pangenomic selection, the accuracy of chick-
pea trait prediction significantly increased®’. These studies demon-
strate that a pangenome-based genomic selection strategy can reduce
sequencing and genotyping costs, as well as making genomic selection
more feasible and accurate for application in larger breeding
populations.

The application of pangenomes for molecular breeding in
orphan crops

Diverse germplasm resources stored in genebanks have long been
recognized as foundational material for plant breeding. Tradition-
ally, genebanks have been instrumental in safeguarding genetic
resources. However, recent advances have enabled the integration of
pangenome assemblies, genetic markers, and phenotypic profiles,

providing new opportunities to enhance germplasm management
and utilization in orphan crop breeding’®”’. For example, genotyping
of each accession can provide accurate molecular passport data to
classify genebank germplasm, avoiding duplicates that occur when
two seed lots originating from the same original seed lot are main-
tained as different accessions. In addition, genebank resources can
support the mining of superior alleles and accelerate pre-breeding
decisions and processes’®, addressing the challenges of orphan
crops, such as the limited genetic knowledge available for practical
breeding. A major benefit of pangenome assemblies across diverse
accessions, combined with large-scale genotyping of tens of thou-
sands of individuals available in the genebank resources, is the ability
to make informed selections of promising genotypes for pre-
breeding. This process benefits from detailed phenotypic char-
acterization of accessions with fixed genotypes, enabling the incor-
poration of superior alleles into modern varieties. Such targeted
genetic improvements are especially valuable for orphan crops,
extending beyond yield enhancement to improve resistance to pests
and diseases and adaptability to changing climates’, that align with
global food production trends.

Besides, by leveraging the genetic diversity information in a
pangenome with multi-omics data, it is possible identify genes and
alleles associated with desirable traits in major and orphan crops.
Pangenomics based transcript analysis can provide population-wide
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insights into gene expression patterns, alternative splicing and the
regulatory mechanisms of gene expression across multiple accessions
with different conditions, tissues, or developmental stages. These
patterns may be overlooked in transcriptome studies that use a single
reference individual. This approach has been applied to explore the
role of alternative splicing in rice cold tolerance, leading to the iden-
tification of the rice catalase OSCATC gene conferring enhanced cold
tolerance®. The recently developed VG RPVG bioinformatics pipeline
supports the combination of genomic variation data and transcript
annotation to construct a spliced graph-based pangenome and
directly quantify haplotype-specific transcript expression®. In addi-
tion, pangenomes can also serve as a reference for investigating
panepigenomic data. This approach has been utilised in Arabidopsis®*
and maize® to reveal functional DNA methylation, non-coding ele-
ments and regulatory networks involved in plant growth and devel-
opment. Panepigenomic studies are valuable as they provide insights
into how gene expression is regulated across different varieties,
uncovering epigenetic modifications that contribute to stress
responses, phenotypic plasticity, and developmental processes®’. The
growth of direct methylation sequencing using the latest Oxford
Nanopore Technologies and Pacific Bioscience technology will lead to
the increased availability of this data. Pangenome-wide proteomic
studies are also important, shedding light on post-translational mod-
ifications and protein interactions that drive key physiological traits®.
While these pan-omics approaches have not yet been extensively uti-
lised in the study of orphan crops, they show significant potential to
deepen our comprehension of the molecular mechanisms influencing
the adaptation and performance of these crops.

The application of artificial intelligence can enhance the accuracy
and sensitivity of SV detection and genotyping across pangenomes.
The availability of hundreds of haplotype-resolved pangenome
assemblies and more than a thousand resequenced accessions, such as
those generated in foxtail millet”, can serve as a standard for estab-
lishing ‘ground truth’ genotype sets that are required for training and
fine-tuning machine learning SV detection models. Convolutional
neural networks (CNNs) are adept at recognising SV breakpoint pat-
terns from short-read sequencing data, and the integration of CNNs
into bioinformatics pipelines, such as SVision®*® and DeepSV®’, enhan-
ces the accuracy and sensitivity of SV detection and genotyping across
population-level resequencing datasets. Comprehensive pan-SV maps
constructed through this approach have increased the resolution of
molecular markers, providing cultivar-specific or additional targeted
sites for genome editing, and enhanced the fine mapping of genes. By
integrating genebank resources, multi-omics data, machine learning
and gene/genome editing, pangenomics-based molecular breeding
can accelerate the improvement of orphan crops and help to develop
new crop varieties with enhanced traits.

Challenges and opportunities in orphan crop pangenomics

Compared to major crop species, there are several aspects that need to
be considered when constructing and applying pangenomes for
orphan crops. The lack of prior knowledge on crop diversity can make
selecting individuals for pangenome construction challenging, and it
may be cost effective to perform an initial diversity study to assess how
best to select diverse individuals. This study could be relatively simple
and separate from pangenome analysis using low-cost technology
such as simple sequence repeats on crude DNA extractions or a subset
of SNPs. More advanced approaches may make use of SNP arrays from
related species. An alternative approach would be to combine the
diversity study with the pangenome analysis by generating low cov-
erage (10-20x) short read sequence data for a large number of indivi-
duals. This data could be used to directly assess diversity using kmer
based methods such as MASH®® or mapped to a reference to call SNPs.
While the cost of generating this data is relatively high, it can be reused
in pangenome construction using the iterative mapping and/or graph-

based pangenome approaches, providing detailed population-wide
information on both SNPs and gene PAV. Due to its superior ability to
represent genomic information and capture genetic diversity, the
graph-based approach is emerging as the standard for pangenome
studies.

Currently, the vg toolkit** is the most widely used approach for
constructing genetic variation graphs by integrating genetic variants
stored in a VCF format file, generated through whole-genome com-
parisons, into a reference genome. Minigraph®® or Minigraph-Cactus”
is also an efficient tool for mapping sequences from multiple genomes
to generate a reference-based pangenome. PGGB’? has emerged as a
novel approach to overcome reference bias by allowing any genome in
the dataset to serve as the reference. However, this tool is resource-
intensive and time-consuming for large orphan crop genomes, often
requiring multiple computational trials to optimize parameters. In
addition, visualization tools such as Bandage’* and ODGI** enable the
display of nodes and SVs in a graph layout. Nevertheless, the majority
of genome analysis tools are currently tailored for linear sequence
formats, and significant challenges persist in the application of graph-
based pangenomes due to the lack of appropriate tools. Variations
stored in graph-based formats are not directly compatible with widely
used tools such as VCFtools” and so require linearisation of the graph
prior to analysis. This highlights the need for the development of
scalable software and data structures designed for graph-based pan-
genome analysis.

Despite advances in pangenomics, it has only recently been
applied in crop breeding. Many initial developments were focused on
genetic perspectives, leading to a usability gap for breeders. To
address this, breeding data should be integrated into a pangenome
framework alongside genetic knowledge, supported by visualization
and analysis tools tailored to meet breeding applications. Breeders
for major crops currently use genome references for trait associa-
tion, haplotype dissection and selection, with pangenome references
gradually replacing the single reference genomes. Orphan crops that
lack single reference genome assemblies may circumvent the use of
single reference genomes and proceed directly to use pangenome
resources for trait dissection and the identification of favourable
haplotypes for selection. The relatively low economic value of some
orphan crops makes it a challenge both to secure suitable funds to
even construct a pangenome as well as develop the capacity to
exploit the constructed pangenome for crop improvement. In these
cases, there may be more cost-effective ways to improve crop pro-
ductivity using more traditional breeding and/or investment in
agronomic practices. There is also a balance that needs to be made
between establishing local genomics capability in these low- and
middle-income countries where orphan crops are predominantly
grown, and collaborating with established laboratories in developed
countries that have advanced resources and expertise. While chari-
table foundations and international organizations play a role in
funding research on orphan crops, the disparities in purchasing
power can make outsourcing pangenome construction to commer-
cial providers economically prohibitive. Building local capacity is
important for sustainable progress and empowerment of local sci-
entists. Particular challenge for applying genomic selection in orphan
crops is that they often suffer from limited data and a lack of people
with crop improvement experience compared to applications in
major crops. One solution is to advocate for a global cooperation that
involves contributing data resources, and expertise across various
levels and disciplines, thereby overcoming resource limitations and
promoting equitable advancements in orphan crop improvement.

There appears to be a promising path for the translation of
knowledge from major crops to orphan crops, applying technology
and knowledge that was developed through significant long term
investment in major crops®. This application of proven technology
greatly reduces the cost hurdle of establishing pangenomic
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approaches for the improvement of orphan crops. One aspect that is
rarely addressed is how the knowledge from orphan crops can be
reciprocally applied for the improvement of major crops. Plant
research to date has focused on a small number of models and crop
species, and there remains much to be learnt from studying a wider
range of crop species, particularly when these have been relatively
recently domesticated or possess novel or interesting phenotypes
such as enhanced disease resistance or environmental adaptation.
Given the importance of these crops, there is a sound economic reason
to improve our understanding of orphan crops for the enhancement of
both major and orphan crop species through pangenome supported
breeding programs.
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