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Graph-based pan-genome reveals structural
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Mung bean (Vigna radiata) is a globally important legume crop valued for

its short growing cycle, nitrogen-fixing capacity and high nutritional value,
particularly in developing countries. Here we report acomprehensive
graph-based pan-genome assembled from 11 genetically diverse global
accessions. The framework captures 75,268 gene families (50.86% core,
35.19% dispensable and 13.95% private) and 66,862 nonredundant structural
variants. Integrating these structural variants and single nucleotide
polymorphisms, genome-wide association studies across five environments
identified candidate genes for 20 agronomic traits, underscoring the pivotal
roles of these variants in driving mung bean domestication and improvement.
Mechanistically, we demonstrate that a 68-bp promoter insertionin VrTIFY6B
and a136-bp promoter deletionin VrPGIPI regulate flavonoid content and
confer bruchid resistance, respectively. These genomic resources and
actionable functional variants provide a powerful toolkit to accelerate mung
beanimprovement through marker-assisted breeding, genomic selection
and genome editing to address global food security.

Mung bean (Vigna radiata, 2n = 22) is a crucial pulse crop cultivated
widely in Asiafor its economic value, nutritional benefits and environ-
mentaladaptability’. As aself-pollinating species within the Vigna genus
of the Fabaceae family, it represents a principal global grain legume
food crop?. Its seeds and sprouts are rich in protein, essential amino
acids, vitamins and bioactive compounds such as flavonoids, confer-
ring substantial nutritional and medicinal properties’. Owing to its
nitrogen-fixing ability, shortlife cycle, broad adaptability and low water
requirements, mungbeanisintegral to sustainable agriculture®. Glob-
ally, itis cultivated on more than 7.2 million hectares, yielding 6 million
tons annually, with India and China being the primary producers®®.
Archeological and genetic evidenceindicates domestication occurred

inIndiaapproximately 3,500 years ago fromits wild ancestor, V. radiata
var. sublobata’. Extensive genetic diversity characterizes the Chinese
mungbeangermplasm’, providing valuable resources for researchon
itsdomestication and improvement.

Structural variations (SVs), including insertions, deletions, inver-
sionsand translocations, drive genetic diversity and profoundly influ-
ence gene regulation and phenotypic traits®. Pan-genomes integrate
population-scale genomic data, facilitating the systematic identifica-
tion of these variants. Indeed, recent pan-genome studies in various
crop plants, including rice’, soybean', wheat", chickpea'?, barley®,
foxtail millet"* and broomcorn millet'>'®, have established that SVs
play critical roles in crop domestication, trait determination' and
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Fig. 1| Population genomics of 580 mung bean accessions. a, Geographic
distribution of the 580 mung bean accessions. Pie charts depict the proportional
distribution of accessions across continents (left) and ecotypes (right).

b, Genome-wide distribution of w and Tajima’s D along the 11 mung bean
chromosomes. Center line: median; box boundaries: upper and lower quartiles;
whiskers: 1.5x interquartile range (IQR). Different letters indicate significant
differences between comparison groups (d.f.=19,360, P <2.2 x107%),

¢, Phylogenetic tree (top) and population structure (bottom) of the 580

accessions. Population structure was inferred using ADMIXTURE at K =5.d, PCA
ofthe 580 accessions. e, Nucleotide diversity (ir, shown within each circle) and
population differentiation (Fs;, dotted lines) among mung bean subgroups. f, LD
decay analysis for different mung bean subgroups. g, Gene flow analysis between
different mung bean subgroups based on TreeMix. h, Selective sweep analysis
between two subgroups of mung bean accessions (G1 versus G2) based on XP-
CLRscore. The map inawas generated using the R package ggplot2 (ref. 47).

genetic improvement”. Despite its widespread cultivation, genetic
research on mung bean has lagged behind that of other legumes.
Although foundational genomic resources exist, including a single
linear reference genome for accession VC1973A' and a subsequent
pan-genome built using a map-to-pan strategy'®, these approaches
remain constrained inresolving complex SVs and accurately capturing
the complete gene repertoire of the species. Although population-scale
short-read sequencing data have elucidated the mungbean population
structure and the genetic basis of several key agronomic traits'®", these
single nucleotide polymorphism (SNP)-centric approaches strug-
gle inherently to capture larger structural changes. Consequently, a
comprehensive, high-resolution view of mung bean’s pan-genomic
diversity and the functional impact of SVs on key agronomic traits
remains elusive.

Here we report chromosome-level de novo genome assemblies
for 11 representative wild and cultivated mung bean accessions to
construct a graph-based pan-genome for this species. This compre-
hensive resource enabled the discovery of a vast catalog of SVs and
the investigation of their impact on agronomically important traits.
Byintegrating whole-genome resequencing data from 580 germplasm
accessions, we elucidated the complex population structure and evolu-
tionary history of mungbean. Furthermore, our pan-genome-enabled
genome-wide association studies (GWAS) based on both SVsand SNPs
pinpointed key regulatory genes associated withimportant agronomic
traits, highlighting the critical role of previously hidden structural
variations in mung bean adaptation and providing actionable targets
forits geneticimprovement.

Results

Geneticdiversity and population structure of 580 mung bean
accessions

To define the global genetic landscape of mung bean, we per-
formed whole-genome resequencing of 580 accessions, comprising
426 landraces, 97 elite cultivars and 57 wild accessions (Fig. 1a and
Supplementary Table1). The collection represents the species’ global
footprint, with most accessions (93.97%) originating from Asia, fol-
lowed by Africa (4.31%) and other regions (1.72%). This effort yielded
acomprehensive catalog of 6,222,546 SNPs and 713,751 indels. Among
these, 278,679 SNPs and 12,344 indels mapped to coding regions. Nota-
bly, 151,653 SNPs were predicted to alter amino acid sequences, extend
transcripts or generate premature stop codons, whereas 8,372 indels
induced frameshift mutations. We further examined the genome-wide
distribution of nucleotide diversity (i) and Tajima’s D across chro-
mosomes (Fig. 1b). Genetic diversity was distributed unevenly, with
chromosomes (chrs.) 2, 5, 6, 7 and 8 exhibiting higher diversity
(m:1.2x107t0 1.6 x 107) than the remaining chromosomes (i7:5.0 x 10~

t05.3 x107*) (Fig. 1b), suggesting differential chromosomal contribu-
tions during domestication and adaptation to new habitats.

Based on 1,938,724 high-quality SNPs, phylogenetic and population
structure analysesidentified five primary groups (K = 5; G1-GS5), which
further resolved into seven subpopulations when accounting for G3’s
topology and geography (Fig. 1cand Supplementary Fig.1). These sub-
populations were corroborated by principal component analysis (PCA)
(Fig.1d and Supplementary Fig. 2). Notably, groups G1, G2, G3b, G4 and
G5 remained stable across varying K values (Supplementary Fig. 3).
Geographically, G1-G5 accessions span South, Southeast and West Asia,
and throughout China. Furthermore, genetic diversity was highestin
Gl (m=1.78 x107%), and lowest in G2 (r=1.32 x 10*), with population
fixation statistics (Fs;) showing moderate differentiation between G1
and others (0.12-0.266) (Fig. 1e). Subgroups within China exhibited
weaker divergence, particularly G3b versus G3c¢ (Fs; = 0.08) and G2
versus G3a (F¢; = 0.081), consistent with the genetic structure and PCA
results (Fig. 1c,d). In contrast, G5 displayed the strongest differentia-
tion from G4 (0.349), G3b (0.292) and G3¢ (0.276), probably reflecting
geographic isolation. The rapid linkage disequilibrium (LD) decay
observedin G1(G5 >G4 >G3c > G2 >G3a = G3b > Gl) pointstoitasthe
potential center of origin (Fig. 1f). Similarly, G3b showed rapid LD decay
among the Chinese subpopulations, consistent with its wild status
and lower domestication level. Conversely, the slower decayin G5, G4
and G3c suggests intensive selection. TreeMix analysis revealed eight
potential gene flow events (Fig. 1g and Supplementary Fig. 4), including
directional gene flow from the center of origin (G1) to G3b and from G2
to G1. These events highlight the bidirectional gene exchange shaping
mung bean’s global genetic structure.

To evaluate selection pressures during mung bean domestication,
we conducted cross-population composite likelihood ratio (XP-CLR)
analyses, identifying 4,849-4,862 selective signals across subgroup
comparisons (Supplementary Tables 2-5). Notably, 2,615 and 2,667
genes within selective regions in G1 versus G2 and G2 versus G3b,
respectively, were associated with differentiation, whereas 2,458 and
3,019 genesin G3b versus G4 and G3b versus G5 wereimplicatedin crop
improvement (Fig. 1h and Supplementary Fig. 5). Functional enrich-
ment revealed that genes related to pectinesterase activity, cell wall
modification and enzyme inhibition were enriched in G3b versus G4,
whereas genes involved in flavonoid and sesquiterpene metabolism
wereenriched in G3b versus G5, reflecting distinct human selection on
these pathways (Supplementary Table 6). Furthermore, 552 genes were
under selection in both G3b versus G4 and G3b versus G5, including
known candidates governing seed weight (PP2Chomolog)®, flowering
time (SKIP14)”, disease resistance (ASP)** and flavonoid metabolism
(FLS)*. These results highlight the genetic drivers of agronomic trait
improvement from wild to cultivated mung bean.

Fig. 2| Phenotypic diversity and selection of 11 representative mung bean
accessions. a, Phylogenetic tree of the 580 accessions, with the 11 accessions
selected for de novo genome assembly highlighted. b, Geographic distribution
ofthe 11selected accessions. ¢, Representative images showing variation in plant
height, pod length and seed size for the 11 accessions. d, Comparison of key
agronomic traits among wild, landrace and elite cultivars. Boxplots illustrate the
distribution of 100-grain weight, FC, p-coumaric acid content, plant height, days
to flowering and bruchid resistance. The number of samples in cultivar, landrace
and wild in boxplots is 140, 381 and 59, respectively. BC18 and BJ18 indicate

Baicheng 2018 and Beijing 2018, respectively. In boxplots: center line: median;
box edges 25th and 75th percentiles; whiskers: 1.5x IQR. Statistical significance
was assessed using a two-sided Wilcoxon rank-sum test. Credit: Basemap adapted
from NASA Earth Observatory (https://assets.science.nasa.gov/content/dam/
science/esd/eo/images/bmng/bmng-base/july/world.200407.3x5400x2700.
jpgand https://urldefense.com/v3/_https:/assets.science.nasa.gov/content/da-
m/science/esd/eo/images/bmng/bmng-base/july/world.200407.3x5400x2700.
jpg_;""NLFGgXoFfo8MMQ!smctPKMOAEROBWB;jI240zdEYq70sj73)mfSPmLKpz
UdfOOAQy9Aam7wzRWOIB7Mz3jbhnKGcXogXbEJTItWIi7zVpZwim9aNFA$).
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Table 1| Quality assessment and annotation of 11 mung bean genome assemblies

Accession Assembly Contig Scaffold Gap Chromosome Gene TEcontent BUSCO Short-read
size (Mb) N50(Mb) N50(Mb) number anchoring rate (%) number (%) completeness (%) mapping rate (%)

C34 499.85 18.33 4454 50 99.06 34,318 53.45 98.51 99.03

C95 496.42 13.55 45.73 60 98.98 34,31 53.25 98.45 9913
C509 508.75 15.43 44.40 95 9712 34,741 54.02 98.39 99.07

C591 503.43 21.02 45.06 27 99.06 34,032 50.09 98.45 99.47

F287 49917 14.98 44.29 43 98.35 34,508 53.03 98.45 991

[FEs 500.51 17.54 4578 67 99.30 34,159 53.40 98.45 99.05
FA87 502.55 16.71 4478 77 99.62 34,856 52.70 98.57 98.84

ZL19 497.36 16.41 45.24 44 99.10 34,278 53.65 98.51 9912
TC1966 494.66 16.79 46.44 49 99.37 34,095 53.25 98.57 97.61
W655 49815 6.77 4477 125 98.83 34,164 53.37 98.33 98.95

ZL5 485.46 7.36 44.55 210 98.10 35,882 5116 98.51 99.54

High-quality genome assemblies of 11 genetically diverse
mung bean accessions

To investigate the mung bean genetic diversity, we selected 11 rep-
resentative accessions from the 580-accession panel, guided by
phylogenetic and population structure analyses (Fig. 2a,b and
Supplementary Table 7). This set comprised six cultivated accessions
(C34, C95, C509, C591, ZL19 and ZL5) and five wild accessions (F287,
F333,F487, TC1966 and W655). These accessions exhibited extensive
phenotypic diversity across key agronomic traits, including flower-
ing time, plant height, pod length, grain size, 100-grain weight, seed
color, flavonoid and p-coumaric acid content, and bruchid resistance
(Fig. 2¢,d). This diversity underscores the necessity of a pan-genome
to comprehensively elucidate the underlying genetic basis.

Wegenerated high-quality genome assemblies for thel1mungbean
accessions by integrating Pacific Biosciences (PacBio) HiFilong-read
sequencing, high-throughput chromosome conformation capture
(Hi-C) and lllumina short-read sequencing (Supplementary Tables 8
and 9). The final genome assemblies achieved an average contig N50
length of 15.00 Mb (range: 13.55-21.02 Mb), with the exceptions of
W655 (6.77 Mb) and ZL5 (7.36 Mb) (Table 1). Notably, 97.12-99.63%
of the sequences were anchored to 11 chromosomes (Table 1). The
haploid genome sizes ranged from 485.46 Mb in ZL5 to 508.75 Mb
in C509. The Illumina short reads showed an average alignment rate
0f 99%, and more than 98% of Benchmarking Universal Single-Copy
Orthologues (BUSCO) were identified in all accessions, indicating high
assembly completeness (Supplementary Fig. 6). Furthermore, the LTR
Assembly Index (LAI) confirmed reference-level quality (LAl >10) for
all assemblies (Supplementary Table 10).

Transposable elements (TEs) constituted 50.09-54.02% of the
assembled sequences (Table 1 and Supplementary Tables 11 and
12), predominantly comprising LTR/Other, LTR/Gypsy, DNA trans-
posons and LTR/Copia elements (Supplementary Fig. 7). Further-
more, we predicted 34,032 t0 35,882 protein-coding genes, achieving
BUSCO scores of 96.6-98.0% (Table 1, Supplementary Fig. 8 and
Supplementary Table 10). Transcriptome data supported 76.81% to
83.61% of predicted exons, and 90.75% to 93.75% of genes received
functional annotations (Supplementary Table 13).

The mung bean pan-genome reveals extensive gene content
variation

To capture the complete gene repertoire of mungbean, we constructed
a pan-genome using protein-coding genes (Methods). The resulting
pan-genome comprises 75,268 gene families, categorized into core
(50.86%), dispensable (35.19%; present in two or more but not all acces-
sions) and private genes (13.95%; unique to asingle accession) (Fig.3a,b).

Compared withthe reference cultivar ZL19, the 15,239 newly identified
gene families were enriched significantly in pathways mediating envi-
ronmental adaptation, including fungal response, growth regulation,
insect defense and hypoxia response (P <10™*; Supplementary Fig. 9
and Supplementary Table 14).

As expected, core genes predominated across the pan-genome
(ranging from 24,075 to 24,693 among the 12 accessions) (Fig. 3¢).
The number of dispensable genes remained relatively stable, ranging
from 8,754 to 11,603. Compared with dispensable and private genes,
core genes exhibited more exons (Fig. 3d), a larger average gene size
(Fig. 3e), higher expression levels (Supplementary Fig. 10) and lower
nonsynonymous substitution rate (K,)/synonymous substitution rate
(Ky) (K,/K) ratios (Fig. 3f), indicating stronger evolutionary constraints.
Theseresults align with findings from pan-genome studies of other spe-
ciesincluding cucumber?, potato® and pea®. Furthermore, more than
75% of the core genes harbored Pfam domains, whereas only 30% of the
dispensable genes and less than10% of the private genes did (Fig. 3g).
The core genes were enriched primarily in conserved pathways, such
as circadian rhythm and glycosyltransferase activity. In contrast, dis-
pensable and private genes were enriched in secondary metabolism
pathways, including isoflavonoid biosynthesis, cytochrome P450
activity and sesquiterpenoid biosynthesis (Supplementary Fig. 11),
highlighting secondary metabolic diversification among mung bean
accessions. Similarly, gene presence/absence variations (PAVs) across
mung bean accessions exhibited an uneven genomic distribution
(Fig. 3h). Genome-wide synteny analysis revealed an overall 1:1 syn-
tenic relationship among accessions, while identifying several large
inversions between cultivated accessions (for example, JL7 versus
Z119) and between wild and cultivated accessions (for example, F333
versus C591) (Fig. 3i).

The landscape of structural variations in mungbean

To establish a consensus set of SVs in mung bean, we performed SV
callingacross 11accessions using ZL19 as the reference genome, yield-
ing a total of 66,862 nonredundant SVs (=50 bp). Insertions (32,836)
and deletions (32,716) constituted most of the SVs, whereas translo-
cations (958) and inversions (352) were relatively rare (Fig. 4a,b and
Supplementary Table15). Mostinsertions and deletions were less than
5kbinsize (Supplementary Fig.12), and their genomic distribution was
uneven, exhibiting notable enrichment on chrs. 5,6 and 7 (Fig. 4b). To
validate SV quality, we manually curated 80 randomly selected SVs
ranging from1.3 kb to 5.0 Mb. Specifically, we validated 40 SVs (1-7 kb)
by mapping PacBio HiFireads to the assemblies, confirming high identi-
ficationaccuracy (Supplementary Fig.13 and Supplementary Table 16).
Furthermore, we utilized Hi-C reads from two accessions (F487 and
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Fig.3|Mung bean pan-genome structure and gene family analysis. a, Variations
inthe number of gene families between the pan-genome and the core genome.
The numbers of pan-gene families and core gene families were stated 50 times
when using one genome and 100 times when using more than one genome.

b, Composition of the pan-genome and individual genomes. The pie chart
indicates the proportion of core, dispensable and private gene families. The UpSet
plot shows the number of gene families in different combinations of mung bean
germplasms. The histogram on the right side displays the number of gene families
ineach genome. Meanwhile, the number of gene families that are identified in

each accession was presented in the upper right table. ¢, Distribution of pan-gene
categories (core, dispensable, private) within each of the 12 mung bean
accessions. d-f, Comparison of core, dispensable and private pan-genes for
number of exons per gene (d), gene length (e) and K,/K; ratios (f): center line:
median; box boundaries: upper and lower quartiles; whiskers: 1.5x IQR. Statistical
significance was determined by a two-sided Wilcoxon rank-sum test. g, Percentage
of genes in each pan-gene category that contain a recognizable protein domain.

h, Heatmap of gene PAVs across the 12 accessions. i, Macrosynteny among the

12 mung bean genomes. Inversions are highlighted inred.

TC1966) to validate 40 large SVs (100 kb to 5.0 Mb) at 5-kb resolution
(Supplementary Fig. 13 and Supplementary Table 16).

We explored SV distribution patterns further. Notably, the number
of pan-SVs (SVs present in at least one accession but not shared by all

accessions) increased rapidly with additional accessions, whereas core
SVs (shared by all accessions) decreased markedly, suggesting that
most SVs are accession-specific (Fig. 4c, top). SVs were categorized
into core, softcore, dispensable and private groups (Fig. 4c, bottom).
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Across accessions, core and softcore SVs represented a minor fraction
(0.96-2.52%), whereas dispensable SVs predominated (62.32-89.39%).
Notably, the proportion of private SVs was substantially higher in
wild accessions F487 (36.32%) and TC1966 (80.38%) than in domes-
ticated lines (8.09-18.53%), reflecting extensive genetic differentia-
tion (Fig. 4c, bottom). Deletions and insertions accounted for most
SVs (>98%) (Fig. 4d, top), and their total length was greater in wild
than in domesticated accessions (Fig. 4d, bottom). These findings
underscore the extensive SV diversity in mung bean and suggest
that accession-specific SVs probably emerged independently during
domestication and adaptation.

Given that asubstantial proportion of SVs originate from TEs’, we
investigated their colocalization. Approximately 73.88% (48,414 of
65,535) of SVs overlapped with TEs—a proportion significantly higher
than that observed for TEsin the reference genome (50.5%; P < 0.001;
Supplementary Fig. 14). LTR retrotransposons, particularly Gypsy
and Copia, as well as DNA transposons, were prevalent in SV regions
(Fig. 4e), suggesting that TE activity drives SV formationin mungbean.
Although most SVs reside in intergenic regions, a substantial frac-
tion overlaps with coding regions (Fig. 4f). Notably, SVs were more
prevalent upstream than downstream of genes, implying their potential
rolesintranscriptional regulation (Fig. 4f and Supplementary Fig. 15).
The upstream, downstream and gene body regions were the primary
gene-related segments affected by SVs (Fig. 4g), further supporting
their regulatory relevance to nearby genes. Collectively, these findings
reveal extensive genetic variation in mung bean germplasm.

SVs have awidespread impact on gene expression and
phenotypicvariation

Chromosomal distribution analysesindicated that SVs were distributed
unevenly across chromosomes, withrelatively few detected onchrs. 4,
9 and 10, whereas chrs. 5, 6 and 7 exhibited dense SV accumulations
(Fig. 5a). This pattern closely matches the chromosomal distribution
of pan-SVs (Fig. 4b). Across the genome, we identified 25 SV hotspot
regions, defined as the top 5% of regions with the highest SV frequencies
(Fig.5b and Supplementary Fig.16). Notably, the distribution of SVs on
chrs. 5,6 and 7 exhibited accession-specific uneven patterns (Fig. 5b).

We compared the expression of genes overlapping SVs (SV-genes)
with those lacking SV overlap (non-SV-genes). Based on RNA sequenc-
ing (RNA-seq) data from five tissues (Supplementary Table 9), SV-genes
exhibited significantly lower expression levels than non-SV-genes
(P<2.2x107%; Supplementary Fig. 17), supported by their distinct
expression distribution between the two groups (Fig. 5c). SVs within
codingregionsinduced the most pronounced changes in gene expres-
sion, followed by those in upstream regions (Fig. 5d). These SV-genes
were enriched significantly in pathways related to plant-pathogen
interactions, terpenoid biosynthesis, protein processing and trans-
porter functions (Fig. 5e). Moreover, SV hotspot regions encompassed
genes mediating plant-pathogen interactions, secondary metabolite
biosynthesis (for example, isoflavonoids), and retinol metabolism
(Supplementary Fig.18).

Several examples illustrate SV-mediated gene regulation. For
example, Vr05g06070, which encodes a cytochrome P450 involved
in secondary metabolite biosynthesis, harbored a 170-bp deletion
within its gene body in four accessions (C34, C509, F287 and W655)
(Fig. 5f), significantly downregulating its expression based on RNA-seq
data (Fig. 5g). Similarly, a 913-bp insertion was detected upstream of
Vr02g06340, which encodes an E3 ubiquitin-proteinligase involvedin

plantimmunity?, in accessions C34, F287, TC1966 and W655 (Fig. 5h),
withits presence or absence significantly altering expression (Fig. 5i).
In accession TC1966, a 543-bp promoter deletion was observed in
Vr02g28470, which encodes LysM DOMAIN RECEPTOR-LIKE KINASE
3 (LYK3)—anentry receptor inrhizobial nodulation factor signaling.
This promoter deletion altered the expression of Vr02g28470, leading
tothe formation of smaller nodulesin TC1966 (Supplementary Fig.19).
Furthermore, a10.54-kb deletion in four accessions (W655, C34, C591
and F287) resultedinthe loss of Vr08g18660, encodinga TMV resistance
protein (Supplementary Fig.20a), consequently abolishing its expres-
sion in these four accessions (Supplementary Fig. 20b). Moreover, a
14.70-kb deletion was found in four accessions (F333, C591, JL7 and
ZL5).ThisdeletionSVledto theloss of the last six exons of Vr09g09330
(encoding a cellulose synthase-like protein) and caused a significant
reduction in its expression level (Supplementary Fig. 20c,d). These
findings demonstrate that SVs can modulate gene expression, thereby
contributing to phenotypic diversity and environmental adaptability
among mung bean accessions.

Pan-genome GWAS reveals SVs and SNPs controlling key
agronomic traits

Previous studies indicate that SVsact frequently as causative variations
driving trait diversity?* 2. Therefore, we constructed a mung bean
graph-based pan-genome by integrating the linear genome sequence
ofZL19 and the 64,415 nonredundant SVs (excluding translocation SVs)
derived from representative mung bean genomes. This graph-based
genome improves the accuracy of short-read mapping to SVregions,
thereby facilitating SV genotyping in the mung bean population. To
dissect the genetic architecture of complex traits, we measured 20
agronomic traits across 580 accessions and conducted GWASs using
1,938,724 SNPs and 37,196 SVs (Supplementary Tables 19-21and Sup-
plementary Notes 1and 2). Here we highlight three key traits, namely
flavonoid content (FC), bruchid resistance and 100-grain weight, which
areassociated closely with the domestication syndrome and play cru-
cialrolesinmungbeanimprovement. Overall, 17.61% of GWAS signals
overlapped between SNPs and SVs (within a 1-Mb flanking region),
whereas 73.94% and 8.45% of the signals were identified uniquely by
SNPs and SVs, respectively (Supplementary Table 22). We summa-
rized all SVs associated significantly with these main phenotypic traits
(Supplementary Table 23), whichincluded both small-and large-scale
SVs ranging from 50 to 30,714 bp.

SVsand SNPs in VrTIFY6B regulate FC

Flavonoids are essential bioactive compounds in mung bean, with FC
representing a key agronomic trait. Integrated SV/SNP-GWAS analyses
identified Vr06g21880 (VrTIFY6B, encoding a TIFY6B protein) as asso-
ciated significantly with FC (Fig. 6a,b and Supplementary Tables 24
and 25). VrTIFY6B overlapped with a domestication sweep between
the G2 and G3b groups (Fig. 6c), where FC levels were significantly
higher in G3b than in G2 (P < 0.0001; Fig. 6d). These results indicate
that artificial selection during domestication reduced FC. Haplotype
analysis based on SNPs revealed three haplotypes with distinct FC dif-
ferences (Fig. 6e-g). Hapl exhibited approximately a tenfold higher
expression level than Hap2, correlating positively with increased FC
levels (Fig. 6k), and its expression peaked during the middle stage
of seed development (Fig. 61). Hapl occurred at low frequencies in
G3band G3c, whereas Hap2 was present predominantly in G1and G3a
(Supplementary Fig.22a). Among wild accessions, HapO and Hapl were

Fig. 4 |Landscape of SVs in the mung bean pan-genome. a, Circos plot of the
reference genome features and pan-genome SV and SNP features. Tracks from
outermost to innermost represent features I-VIl as indicated. b, Genome-wide
distribution and density of pan-SVs across the 11 chromosomes. Color intensity
is proportional to SV density. ¢, Distribution of core and pan-SVs (top) and four
SVs categories (bottom) in different mung bean germplasms. d, Number (top)

and total length (bottom) of insertions, deletions, inversions and translocations
across the 11accessions. Four types of SVincluded insertions, deletions,
inversions and translocations. e, Proportional overlap of SVs with main TE
superfamilies. f,g, Genomic context of SVs. Number of SVs overlapping various
genomic features (f). Number of genomic features affected by SVs (g). Features
are categorized based on their position relative to protein-coding genes.

Nature Genetics


http://www.nature.com/naturegenetics

Article https://doi.org/10.1038/s41588-026-02644-5

b

Length (Mb)
o 8.3 16.6 24.9 332 4.5 49.8 58.1 66.4 74.7
T T T T T T

vt [ ST TV W 7
o2 N OO DT 1

e (DT | AR 0T
v« AR SN A O
ows (LI TIET CH AR O
UL B || B
e IITTHIH T I
o NI IIIMEDY |

ov< [N | 1| 00
aad e ] ) -
ore| IRV 1

T

() Chromosome ideogram
(I1) Gene density

(I Repeat density

(IV) G+C content

(V) GC skew

(V1) Pan SV density

(VI1) Pan SNP density

(V1) Population SNP density

SAS 40 JequinN

c d e

65+ [ Pan 20,0004 M Deletipn
55| [ Core I Insertion Number of SVs
[ Inversion 0 5000 10,000 15000 20,000 25000
45 - 15,0004 |l Translocation I L . L . )
15} Other
S 354 ° c34
2 » 10,000 W DNA
X 254 6 W LTR/unknown
g g €509 I LTR/Gypsy
£ ’- l € 5,000 | LTR/Copia
E =
Z sy Z 4004 C591 non-LTR
o 4 300 I non-TE
3
. =
] il
> » R DA DD P b LD ¥ O N HO DD AND L P S
5 O R D B D D O LA 5 Q0 DD D L R W 0 DAYV
C P Y @/\0@ & VS O CE N \/\0\ v
Private I Deletion Fass
20 .
'] Dispensable 1204 M Insertion
W Softcore | Inversion Fas7 |
__ 15711 Core [ Translocation
S 3] i
Q
2 104 :
I S 60 -
g ° TC1966
= L :
2 - % 304
5) 2.0 204 W655
154 15 4
.0 10
10 75
0.5 5
(e 1 1 & & 8§ 1 1§ 1 1 | 0
— T T T T T T T T 1 — T T T T T T T T T
> O D P D DO D © H b Q N P D D O N »
TS FFPFTE Y LE FEEL RIS VL& W
f 35,000 g9 .
[ Intron I Exon 35,000 [ Intron B Exon
30,000 M Intergenic | Gene I Intergenic | Gene
' I Downstream (5 kb) 30,000 1wy Downstream (5 kb)
| Upstream (5 kb) [ Upstream (5 kb)
25,000 % 25,000
o e
& 20,000 - &
5 20/ 8 20,000
g 5
£ 15,000 @ 15,000
=1 Q
2 :
10,000 Z 10,000
5,000 5,000

e N T
of $ S
A ) 4

I NG W S SR
& &Y FE
<

Nature Genetics


http://www.nature.com/naturegenetics

Article

https://doi.org/10.1038/s41588-026-02644-5

\

3

/;

\\
\\\\\
W \®

\\t
W

A 3N\

A\
b
W

\

\

\
N

(a) C34 SV density SO ==
(b) C509 SV density /% —e== —=
(c) C591 SV density = ==
(d) C95 SV density ¢ =28
(e) F287 SV density i —_

(f) F333 SV density

Q (9) F487 SV density

= (h) JL7 SV density

® (i) TC1966 SV density
(j) W655 SV density
(k) ZL5 SV density

Pitrg '
/] T
I ul\\\‘\

S 8 3
Chr.5
c [ 05 [ [510) [] no1s) [ 11520) [ =20 d
FPKM 100 -
Q
jo2)
[=
@
=
9
]
Lo 75 |
€
<
£
T R
g
0 0
¢
85
Py
Q
=
Q
o
k]
=
o
Non-SV-genes k=
S
Q
o
o
0 20 40 60 80 100
Proportion of genes across different FPKM
ranges (%)

P=0.044

[0-200] 30
Mapped RNA reads

B B G591 (Hap0)  § 20
Vro5g06070

B3 F287 (Hap1) 0 El

[0-200]
Mapped RNA reads
o

Relative expression

N Q.
RONIRON
NS

2R %R

AL sz,@:o

S

Fig. 5|SV hotspots and theirimpact on gene expression. a, Circos plot showing
the density of SVsin each of the 11accessions relative to the ZL19 reference
genome. Tracks from outermost to innermost represent features a-k as
indicated. b, Heatmap of SV frequency on chrs. 5, 6 and 7. Each cell represents
the SV count withina1-Mb genomic interval. The color gradient indicates

low and high SV frequency from blue to red, respectively. ¢, Expression level
distributions for SV-genes (top) and non-SV-genes (bottom). d, Fold changein
gene expression between accessions with and without SVsin the coding region,

M 10415
Fold change W 1520 W s30

b

Number of SVs
[ o .

| AAsanasasassssanasl
0 45 90 135 180

Chr.5

5 10 15 20 25 30 35 40 45

Number of SVs

[ 8 |

0 50 100 150 200
]

SV frequency (Mb)
Number of SVs
n .
0 40 80 120 160 Chr.7

SV frequency (Mb)

2.0-3.0 e

Plant-pathogen interaction - [ ]
Rap1 signaling pathway — [ )
Transcription factors - [ ]
Salmonella infection [ ] Count
Peptidases and inhibitors | [ : ig
Sesquiterpenoid and @ 5o
triterpenoid biosynthesis 7| °
Ubiquinone and other _| '
terpenoid-quinone biosynthesis A;jjuslted
Protein processing - value
0.04
Protein kinases - ® 0.03
Protein phosphatases and | 0.02
associated proteins 0.01
Enzymes with EC numbers - @
Transporters - @
T T
0.003 0.006 0.009  0.012
Gene ratio
o
h i
P=0.0067

[0-51]
Mapped RNA reads 25

—iE—E—Em—a 1
Vr02906340

——— - c34 (Hap)

[0-54] s
Mapped RNA reads l;%l
o

SR e
LoX DR
RO
&

ZL19 (HapO0)

Relative expression

intron, 5 kb upstream of the start codon and 5 kb downstream of the stop codon
of protein-coding genes. e, Top enriched functional categories for SV-genes.
Statistical significance was assessed using a one-sided hypergeometric test, and
multiple comparisons were corrected using the Benjamini-Hochberg method.
f,g, A170-bp deletion in the body of Vr05g06070 (f) is associated with reduced
gene expression (g). h,i, A 913-bp insertion upstream of Vr02g06340 (h) is
associated with altered gene expression (i). Ing and i, statistical significance was
assessed using atwo-tailed Student’s ¢-test.

Nature Genetics


http://www.nature.com/naturegenetics

Article

https://doi.org/10.1038/s41588-026-02644-5

a FC (Beijing 2018) °sp b
15 Vr06g921880 Py 15 -
sv
[ %
a, 10 ‘ 2 10
e -
¥ B
=4
LEIRY e R 2 5 o - -
]
o i bl ke @ . AR B e AU i, .02 ol
T T T T T T T T T T T T -
Chr1  Chr.2 Chr.3 Chr.4 Chr.5 Chr.6 Chr.7Chr.8 Chr.9 Chr.10 Chr. 11 0 1 2 3 4 5
Expected -log, P
C d 20 P=3.95x10" e 4505 b
-2 ,595 bp |.:»
150 -| i .
o / 15 . —_— \
S © H 68-bp SV insertion L \\
o 1907 3 10 Chr. 6:41343641 _ Chr. 6:41344258
=5 o Haplotype re: rb:
o 2 plotyp (C2A) (A20)
< 504 n o ,‘ | 5 HapO C A
)| 1 . Hap1 A A
0] bl M_Ji .&J»M | ILJ‘H LML ° Hap2 c c
T T T G2 G3b
30 35 10 n=109 n=100
Chr. 6 position (Mb)
2R ORARR? LN SN B ADLDN OOARRS |
f h Gldussittiinassy |
P S N A R
25
G1 05| P<222x107 G1 "
0/0 (Ref) " P=3.9x10
20
G2 ® i
o = 154
— =15 — - — N 3
G3a @ [¢]
G3b | =—— £ 10 = = 104
— 5 = s
G4
3l G w \
proe HapO Hapl Hap2 g5 With SV Without SV
n=553 n=46 n=26 n=62 n=518
_ P<0.01 P<0.01 —
i SNP haplotype k g 800 20 = | g 4 P=0.0152
Hap2 g W With sV 2 600 ~ == 2 P=0.0007
i < M Without SV 5 o 15 53
£ ‘» 400 o @
P 2 g 2
c 15 = o
o & 200 o o S
2 F e 3
(21.76%) [0 p—
S ) g s == 2
< % 20 i = =
Hap2 < 10 °
yyﬁaﬁjﬁ"‘ < > = ! ! 0 ! ' ©
' o
\,.04 \$§. Hap1 Hap2 Hap1 Hap2
&
n 10" 102 10° 107 102 10 107 102 10° 107 10?2 10°
High 0.10 4 Hap2
P=0.0151 BD-NINJA2 + AD-TIFY6B"™*
0.084 Hap
BD-NINJA2 + AD-TIFYEB

LUC/REN

pGreenll-
with_SV::LUC

-TIEYGEHER

AD-T + BD-53

AD-T + BD-Lam
Low

3-aminotriazole SD-LTH SD-LTH SD-LTH SD-LTH
concentration 0 mM 5mM 20 mM 50 mM
z-score z-score
Pelargonidin 3-0-glucoside chloride gar 1.20 120
Isovitexin 0.90 Catechin
- Vitexin 0.60
cLUC CLUC-TIFY6B"2P2c] UC 5?&"@’2;’}&‘;’.& a 0.30 Vitexin
ARUC-NINJA2 nLUC PRLUC-NINJA2 Colmarin 50
Utin = ' i .
4-(Dimethylamino)cinnamaldehyde -0.60 p-Hydroxy-cinnamic acid .
Procyanidin C1 -0.90 -0.90
Naringenin 4120 Kaempferol 2120
Naringenén chalcone
Procyanidin B1
Cyanidin chloride Astragalin
“Hydroxy-cinnamic acid
axifolin Dihydromyricetin
Aromadendrin
Quercetin N
Afzelechin Isovitexin
atechin
’ Tanshinone IIA Cinnamic acid
C Apigenin
cLUC ] Eod N
NLUC s SHLUC-NINJA2 Daphnetin & &
Esculetin & & &
inarin F &€
Kaempferol 3-0-B-0-glucuronide & &

icatechin

Nature Genetics


http://www.nature.com/naturegenetics

Article

https://doi.org/10.1038/s41588-026-02644-5

Fig. 6| GWAS identifies VrTIFY6B as a candidate gene for FC. a, Manhattan plot
from the SNP/SV-GWAS for FC. The candidate gene Vr06g21880 (VrTIFY6B) is
located at the peak on chr. 6; dashed red line: Bonferroni-adjusted significance
threshold (P=1x107). b, Quantile-quantile (QQ) plot for the GWAS. ¢, Cross-
population composite likelihood ratio (XP-CLR) analysis between G2 and G3b
groupson chr. 6, highlighting VrTIFY6B withina selective sweep.d, FCinthe

G2 and G3b population groups. Significant difference was determined using a
two-sided Wilcoxon rank-sum test. e, Gene model for VrTIFY6B, showing exons
(greenboxes), introns (black lines) and the location of key variants. f, Haplotype
block structure based on SNPs associated with FC. Alt, homozygous for the
alternate allele; Het, heterozygous; Ref, homozygous for the reference allele.

g, The three main SNP-based haplotypes (Hap0, Hapl, Hap2) show significant
differences in FC. Significant difference was determined using a two-sided
Wilcoxon rank-sum test. h, Haplotype block structure based on a 68-bp insertion
SV.i, FCinindividuals with or without the 68-bp insertion. Significant difference
was determined using a two-sided Wilcoxon rank-sum test. j, Frequency of SNP-
and SV-based haplotypes inwild, landrace and cultivated accessions. k, Relative
expression of VrTIFY6B and FC for accessions carrying Hapl and Hap2. Significant
difference was determined using a two-sided Wilcoxon rank-sumtest;n =35
biological replicates. I, Expression profile of VrTIFY6B at three seed development
stages (5,10 and 15 days after flowering (DAF)). Error bar: mean +s.d.;n=3
biological replicates. Significant difference was tested using a two-tailed

Student’s t-test. m, Transcription activity of VrTIFY6B promoters with or without
the 68-bp insertion SV, measured by a dual-luciferase assay. LUC/REN, firefly
luciferase/renillaluciferase. Scale bar:1cm. Error bar: mean + s.d.; n = 3 biological
replicates. Significant difference was tested using a two-tailed Student’s ¢-test.
n, Y2H assay showing the interaction between VrTIFY6B protein variants (Hapl,
Hap2) and the corepressor VrNINJA. BD and AD denote the GAL4 DNA-binding
domainand GAL4 activation domain, respectively. BD-NINJA2 represents
VrNINJA2 fused to BD, whereas AD-TIFY6B"*"' and AD-TIFY6B"* represent the
two VITIFY6B variants fused to AD. BD and AD alone indicate the corresponding
empty-vector controls. AD-T plus BD-53 was used as the positive interaction
control, whereas AD-T plus BD-Lam was used as the negative interaction control.
Serially diluted yeast cells were grown on synthetic dropout medium lacking
leucine, tryptophan and histidine (SD-LTH), supplemented with 0, 5,20 or

50 mM 3-aminotriazole (3AT). o,p, LCl assay in N. benthamianaleaves showing
theinteraction between different variants of VrTIFY6B and VrNINJA2. The color
scale indicates relative luminescence signal intensity, ranging from low (blue)

to high (red). Representative images are shownin o and p. Scale bar:1cm.
q,r,FCintransgenic hairy roots of buckwheat (q) and mung bean (r)
overexpressing VrTIFY6B"*" and VrTIFY6B"** The color scales represent
z-score-normalized flavonoid contents. Ind, g, i and k: center line: median; box
boundaries: upper and lower quartiles; whiskers: 1.5x IQR.

detected at frequencies of 4.15% and 6.04%, respectively; in cultivated
accessions, HapO accounted for 21.76% and Hap2 for 2.25%, whereas
landraces contained all three haplotypes (Fig. 6j). SV-based haplotype
analysis further demonstrated that SVs were strongly associated with
FC (Fig. 6¢e,h). A 68-bp insertion located 3,595 bp upstream of VrTl-
FY6B differentiated accessions based on FC levels (Fig. 6i), and was
distributed widely among wild, cultivated and landrace accessions
(Fig. 6j). Across allmung bean accessions, the ‘noninsertion’ genotype
was most prevalent, whereas the insertion was detected in G1, G2, G3a,
G3band G3c (Supplementary Fig. 22b). Further analysisindicated that
anonsynonymous mutation in VrTIFY6B was linked tightly with the
68-bp insertion SV (Supplementary Fig. 22¢,e). Notably, individuals
carryingboth SNP Hapl and the insertion SV exhibited higher FC than
those carrying only the insertion SV (Supplementary Fig. 22d). These
results indicate that both SNPs and SVs contribute synergistically to
variation in FC, consistent with their broader role in domestication
and crop improvement™,

We further explored the functional impact of these variations.
Transient activation assays revealed that the VrTIFY6B promoter vari-
ant ‘with_SV’ drove higher luciferase (LUC) expression compared to
the ‘without_SV’ variant (Fig. 6m), indicating that the SV modulates
VrTIFY6B transcriptional activity. Given that the SNPs within the cod-
ing exons of VrTIFY6Blead to nonsynonymous substitutions (Fig. 6e),
weinvestigated their effects on downstream proteininteractions. The
TIFY motif—a critical component and repressor of the jasmonic acid
signaling pathway—binds to domain C of its corepressor NINJA***,
thereby repressing flavonoid production®?. Yeast two-hybrid (Y2H)
and luciferase complementation imaging (LCI) assays demonstrated

that VrTIFY6B"*** interacted more strongly with VrNINJA than with
VrTIFY6B**'invitro (Fig. 6n-p). As mung bean and Tartary buckwheat
share a similar flavonoid profile, the regulatory role of VrTIFY6B was
examined in both species. Overexpression of VrTIFY6B in mung bean
and Tartary buckwheat confirmed its regulatory role in flavonoid
biosynthesis (Fig. 6q-r), consistent with previous findings that TIFY
proteins can inhibit jasmonic acid synthesis®. The fact that both spe-
cies harbor comparable flavonoid compounds, together with evidence
that buckwheat JAZ proteins (also known as TIFY proteins) suppress
flavonoid biosynthesis by regulating the FtMYBI11 repressor’®, high-
lights the conserved function of VrTIFY6B in flavonoid metabolism
across species. Collectively, these findings demonstrate that SVs and
SNPs contribute jointly to variationin FC through transcriptional and
protein-level modulation, consistent with their broader role in shaping
domestication-related traits and crop improvement™.

A promoter deletion in VrPGIPI confers bruchid resistance

Bruchid resistance represents a critical agronomic trait for mung
bean breeding and genetic improvement. Integrated SV- and
SNP-GWAS analyses pinpointed VrO4g09850 (VrPGIP1, encoding a
polygalacturonase-inhibiting protein) as the primary candidate gene
(Fig. 7a,b and Supplementary Tables 26 and 27). Haplotype analysis
incorporating both SNPs and SVs within VrPGIPI revealed two hap-
lotypes governing trait variation across the mung bean population
(Fig. 7c, left). Bruchid resistance levels differed significantly between
accessions harboring these two haplotypes (Fig. 7c, right). Specifically,
a136-bp deletion located 2.6 kb upstream of VrPGIPI was present in
highly resistant accessions but was absent in susceptible accessions

Fig.7| GWAS identifies a promoter deletion in VrPGIPI that enhances bruchid
resistance. a, Manhattan plot from the SNP- and SV-GWAS for bruchid resistance;
dashed red line: Bonferroni-adjusted significance threshold (P=1x107).b, QQ
plotrepresentation for GWAS analysis of bruchid resistance rate. ¢, Haplotype
analysis and corresponding bruchid resistance levels for haplotypes defined by
SNPs and a136-bp deletion SV. Statistical test was performed using a two-sided
Wilcoxon rank-sum test. d, Integrative Genomics Viewer screenshot showing
read depth across the VrPGIPI promoter, confirming the 136-bp deletion in the
resistant accessions F333 and TC1966. e, Gene model for VrPGIP1, indicating
thelocation of the 136-bp promoter deletion and key exonic SNPs. f, Frequency
ofthe main haplotypes in wild, landrace and cultivated accessions. g, Relative
expression level of VrPGIPI in accessions with (Alt) and without (Ref) the promoter
deletion. Statistical test was performed using a two-tailed Student’s ¢-test.

h, Expression profile of VrPGIP1 during seed development; error bar: mean+s.d.;

n=3biological replicates. Significant difference was tested using a two-tailed
Student’s t-test. i, Transcription activity of the VrPGIPI promoters from a resistant
(F333, with deletion) and susceptible (ZL19, without deletion) accession. Scale
bar:1cm. Error bar: mean +s.d.; n =3 biological replicates. Significant difference
was tested using a Student’s ¢-test. j, Bruchid resistance assay comparing F333 and
ZL19. Statistical test was performed using a two-tailed Student’s t-test.k, In vitro
assay showing the polygalacturonase-inhibiting activity of the VrPGIP1 protein.
Errorbars: mean +s.d.; n=3 biological replicates. I-n, Efficacy of purified VrPGIP1
proteinininhibiting bruchid development in artificial seeds at 7 days (I) and

50 days (egg number per seed (m); hole number per seed (n)) postinfestation. In
cand g, center line: median; box boundaries: upper and lower quartiles; whiskers:
1.5%IQR.Inmand n, error bars: mean + s.d. Different letters indicate significant
differences between examined groups (one-way analysis of variance followed by
Tukey’s multiple comparisons test, P <2 x107).
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(Fig. 7d,e). HapO was ubiquitous in wild accessions, whereas culti-
vated accessions carried HapO and Hapl. Landrace accessions and
the G1 subgroup contained all three haplotypes, with HapO being
the most prevalent (Fig. 7f). Similarly, the G3b subgroup contained
HapO and Hap2, whereas all other subgroups comprised exclusively
HapO (Supplementary Fig. 23a). Notably, the 136-bp deletion was
specific to the G1 subgroup and absent in wild accessions (Fig. 7f and
Supplementary Fig. 23b). Genome assemblies confirmed the pres-
ence of thedeletionin highly resistant germplasms in F333 and TC1966
(Fig. 7d and Supplementary Fig. 24). Expression analysisindicated that
this deletion modulated VrPGIPI expression (Fig. 7g), which peaked
during the middle stage of seed development (Fig. 7h). To validate this
regulatory effect, transient activation assaysinleaves revealed that the
promoter harboring the deletion drove higher LUCexpression, corre-
lating with increased bruchid resistance (Fig. 7i,j). Furthermore, func-
tional assays confirmed that VrPGIP1inhibits polygalacturonase activity
(Fig. 7k), and resistance was enhanced in a dose- and time-dependent
manner (Fig. 7I-n). Collectively, these results demonstrate that the
136-bp deletionin the VrPGIPI promoter enhances bruchid resistance
inmung bean by upregulating its transcription.

Discussion

Mung bean is an important warm-season legume crop in Asia'**’, but
asingle reference genome cannot capture its full genetic diversity.
Previous pan-genomes constructed using a map-to-pan strategy rep-
resented SV loci as single haplotypes™. Graph-based pan-genomes
provide amore comprehensive and accurate representation of genetic
diversity by capturing several haplotypes and complex structural vari-
ations withinasingle framework*®*, Similar approachesin crops such
as cucumber®, Brassica oleracea*” and foxtail millet'* have driven the
identification of key agronomic trait variation sites. This study provides
agraph-based pan-genome for mung bean, establishing a new para-
digm for genomics-assisted breedingin this legume, paralleling recent
high-resolution genomicadvancesinclosely related Vigna speciessuch
asadzukibean®. Integrating resequencing data from 580 accessions,
thisresource enables the dissection of the genetic architecture of key
agronomic traits and facilitates the identification of causal variants
for precision breeding.

Populationgenetic variation analyses revealed the roles of natural
selection, genetic drift and gene flow in shaping the species’ evolution-
ary history**. Our analysis traced the spread of mung bean and identi-
fied G1 as the primary ancestral progenitor subpopulation, aligning
with the historical migration routes of mung bean from South Asia
to Southeast Asia, West Asia and East Asia*. The differences in plant
development, yield and quality traits between wild and elite culti-
vars probably reflect selection for locally adapted and agronomically
preferred traits. Selective sweep regions associated with mung bean
domestication and improvement harbor potential candidate genes
crucial for mung bean breeding.

The SV identification revealed 66,862 SVs, which is comparable
to the previous mung bean pan-genome'®, but lower than the reported
figures for several other crop pan-genomes, such asrice™®, soybean',
tomato®® and foxtail millet'. Crucially, the total number of identified
SVs is an intrinsic evolutionary footprint of a species rather than an
artifact of genome assembly contiguity. Although the remaining gaps
in our current assemblies suggest room for improvement towards
telomere-to-telomere (T2T) status, cross-validation with published
T2T data confirms that these local gaps exert a negligible impact on
global SV quantification. Furthermore, the comparatively lower SV
abundance in mung bean is primarily driven by the limited genetic
divergence and strong phylogenetic relatedness among the selected
accessions—abiological phenomenon similarly observedinthe broom-
corn millet pan-genome®, where low nucleotide diversity within the
germplasm naturally correlates with reduced structural polymor-
phism. Consistent with findings in foxtail millet", TEs, particularly

DNA transposons, contributed substantially to SV formation. SVs can
influence gene expression by altering gene sequences, copy num-
bers, or cis-regulatory elements’’. Our analysis demonstrated that
SV-associated genes exhibit lower expression levels, similar to pat-
terns observed in rice®*® and foxtail millet*. These findings indicate
that SVs generally function as negative dosage regulators of gene
expression. Mechanistically, SVs may repress expression by disrupt-
ingtranscription factor bindingsitesinregulatory regions, triggering
nonsense-mediated decay through intragenic frameshifts, or altering
local chromatin accessibility. Collectively, these insights highlight
the critical role of genomic structural integrity in maintaining proper
transcriptional regulation.

A key advance of this study is linking SVs directly to agronomic
traits through pan-genome GWAS, uncovering causal variants missed
by SNP-based approaches. For FC, a promoter SV and coding SNPs in
VrTIFY6B synergistically regulate the trait. For bruchid resistance,
a promoter deletion in VrPGIPI upregulates defense, providing a
ready-to-use breeding marker. For traits such as 100-grain weight,
SNPs outperformed SVs due to their higher marker density and greater
genotypingaccuracy. SNPsintroduce primarily nonsynonymous muta-
tions in protein-coding genes, whereas SVs can profoundly disrupt
gene structure and induce substantial changes in the expression of
nearby genes. Therefore, integrating both SNPs and SVs is essential to
fully capture the genetic variation. Although stable transformation
in mung bean remains challenging, our transient and heterologous
assays provide strong evidence for candidate gene function. Future
work will focus on optimizing transformation protocols to achieve
stable transgenic validation of these key genes.

Insummary, this graph-based pan-genome provides acomprehen-
sive understanding of the genomic diversity and structural variation
in mung bean, offering insights into the evolutionary mechanisms
shaping key agronomic traits. It serves as a valuable resource for accel-
erating genomics-assisted breeding and improvement programs in
mung bean.
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Methods

Plant materials and phenotyping

We sselected 580 mungbeanaccessions fromthe Center for Crop Germ-
plasm Resources (CCGR), Chinese Academy of Agricultural Sciences,
comprising 426 landraces, 57 wild accessions and 97 cultivated acces-
sions, representing 19 countries (Supplementary Table 1). These acces-
sions encompass nearly all regions of mung bean cultivation, providing
a comprehensive representation of the species’ genetic diversity.
Multi-environment trials were conducted from 2014 to 2022 at five
geographically distinct field stations: Baicheng (45.44° N, 122.82°E),
Beijing (40.23° N, 116.56° E), Zhangjiakou (39.92° N, 114.88° E), Anhui
(31.87° N, 117.26° E) and Nanning (23.15° N, 108.28° E). Agronomic
traits were recorded systematically for each accession at maturity;
detailed measurement criteria and procedures are provided in
Supplementary Methods.

Genome sequencing

Eleven mung bean accessions representing main racial groups and
geographic regions were selected for de novo genome assembly
(Supplementary Table1). Ten accessions (C34, C509, C591, C95, F287,
F333,F487,7119, TC1966 and W655) were sequenced using PacBio HiFi
andoneaccession (ZL5) was sequenced using PacBio CLR. High molecu-
lar weight (HMW) DNA was extracted from fresh leaves of a single plant
peraccession using the NucleoBond HMW DNAKit (Macherey-Nagel).
TheHiFiSMRTbelllibraries were prepared using the SMRTbell Express
Template Prep Kit 3.0 (Pacific Biosciences), size-selected (9-50 kb) and
sequenced onthe Sequellle platform (Novogene Co., Ltd.). SMRTlink
software (PacBio) was used to process raw polymerase reads and to
generate HiFireads with the parameters ‘--min-passes=3--min-rq=0.99,
yielding 21.04-31.60 Gb per accession (Supplementary Table 2). For
ZLS, CLRlibraries were prepared following the standard protocol and
sequenced on the PacBio Sequel Il platform, producing 56.48 Gb of
data (Supplementary Table 2).

For each accession, fresh leaves from a single plant were fixed
with a 5% formaldehyde solution, quenched with glycine and used
for genomic DNA extraction. Hi-C libraries were prepared using the
NEBNext Ultra Il DNA PCR-free Library Prep Kit (New England Bio-
labs) and sequenced on the NovaSeq 6000 platform (Novogene).
Hi-C data yields ranged from 56.15 Gb to 73.37 Gb per accession
(Supplementary Table 2).

For each accession, total RNA was extracted from five tissues
(roots, stems, leaves, flowers and seeds), assessed for integrity using a
Fragment Analyzer 5400 (Agilent Technologies), and used to construct
libraries with the NEBNext Ultra RNA Library Prep Kit (New England
Biolabs). These libraries were sequenced on the NovaSeq 6000 plat-
form, yielding 5.85-8.30 Gb per accession (Supplementary Table 3).
Paired-end whole-genome resequencing libraries were constructed
and sequenced on the lllumina HiSeq X Ten platform (Novogene).

Genome assembly and quality assessment

Genomesize and heterozygosity were estimated usingJellyfish (v.2.2.6)*®
and GenomeScope?2 (ref. 49). PacBio HiFi accessions were assembled
using Hifiasm (v.0.16.1)*° with the Circular Consensus Sequencing reads
under default parameters, and primary contigs were used for down-
streamanalyses. The ZL5 accession was assembled using CANU (v.2.2)*!
and HERA™. Contigs were scaffolded into pseudochromosomes using
3D-DNA**and]Juicer** based on Hi-C data, with manual correction using
theJuicebox®. The ZL5 assembly was further polished using Pilon* with
llluminashortreads. BUSCO (v.5.2.2)” was used to assess the assembly
completeness using the embryophyta_odb10 (embryophyta, 2020-
09-10) dataset, and LAI*® was calculated using LTR retriever (v.1.9)*.

Repeat annotation
TEs were annotated using a combination of ab initio and
homology-based methods. Tandem repeat sequences were detected

using Tandem Repeat Finder (TRF v.4.07b)*° and a de novo TE library
was generated using RepeatModeler (v.1.0.11) (https://www.repeat-
masker.org/RepeatModeler/) with default parameters. Intact LTRs
were annotated using LTR retriever by integrating LTRharvest® and
LTR_FINDER®, and combined with the de novo TE library for Repeat-
Masker (v.4.1.1)** annotation. For the homology-based search, repeti-
tive sequences were identified using RepeatMasker against the Repbase
library (v.15.02).

Gene annotation

Protein-coding genes were annotated by integrating ab initio,
transcriptome-based, and homology-based approaches. AUGUSTUS
(v.3.4.0)%* was performed for ab initio prediction. RNA-seq data from
five tissues were processed using Trimmomatic (v0.39)% with param-
eters ‘LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36. The
cleanreads were aligned to the reference genome using HISAT2° and
StringTie2* was used for transcript assembly with default parameters.
Candidate coding regions were identified using TransDecoder (v.5.5.0)
(https://github.com/TransDecoder/TransDecoder). De novo transcript
assembly was performed with Trinity (v.2.14.0)°, and gene structures
were detected using the Program to Assemble Spliced Alignments®.
Proteinsequences from eight plant species wereincluded. Arabidopsis
thaliana(GCF_000001735.4), Medicago truncatula (GCF_003473485.1),
Glycinemax (GCF_000004515.6), Vigna angularis (GCF_001190045.1),
Vignaradiata (GCF_000741045.1), Vigna umbellata (GCF_018835915.1)
and Vigna unguiculata (GCF_004118075.2) were downloaded from
the NCBI RefSeq database; Medicago sativa (ZhongmuNo.1) was
downloaded from the figshare database. The protein sequences were
aligned to each genome using GenomeThreader (v.1.7.1)"° to generate
homology-based annotations. All lines of evidence were integrated
using EVidenceModeler (v.1.1.1)*° to generate a consensus geneset.
To ensure high-confidence annotations, gene models overlapping
TEs were removed, and only those supported by at least one line of
evidence from manually curated homologous proteins, domain hits
or RNA-seq data were retained.

Canonical noncoding genes were annotated using RNAmmer”,
Infernal (v.1.1.4) (Rfam database v.14.8)’> and tRNAscan-SE (v.2.0.9)”.
Protein-coding genes were annotated functionally by BLASTP search
against the SwissProt database (<1 x 107). Potential domains were
annotated using InterProScan v.5.48-83.0 (ref. 74) with the parameters
“fTSV -t p-iprlookup -goterms-pa. Gene ontology (GO) terms and Pfam
annotations were derived from the InterProScan output. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) orthology entries were
annotated using KofamScan” with default parameters.

Phylogenetic analysis

To construct a phylogenetic tree for the 11 mung bean accessions,
orthologous genes were identified using OrthoFinder (v.2.5.4)",
including those from the closely related legume species V. angularis.
Single-copy genes were aligned using MAFFT (v.7.490)"”’ with default
parameters and trimmed using trimAl (v.1.2rev59)” with the parameter
‘-gappyout. The resulting amino acid alignments were concatenated
into super sequences. The best-fit evolutionary model (JTT +1+ G +F)
was selected using ProtTest (v.3.4.2)”° with the parameters -S 1
-all-distributions-all-ncat 8 -F -AIC -BIC -tc 0.5 A maximum-likelihood
tree was constructed using RAXML (v.2.1.11)*° with 1,000 bootstrap
replicates, with V. angularis as the outgroup.

Gene-based pan-genome construction

All protein-coding genes from 12 mungbean accessions (11 assembled
in this study plusJL7) were clustered using OrthoFinder (v.2.5.4)” with
default parameters. Gene families were classified as core (present in
allgenomes), dispensable (2-11genomes) or private (single genome).
Pan-and core-genome sizes were estimated using 2,000 random sam-
plings for each subset size (2-11accessions). ZL19—a cultivar exhibiting
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desirable agronomic traits such as high yield, upright growth and
lodging resistance—was chosen as the reference genome. To estimate
the K,, K;and the K,/Kratio for different types of pan-gene, amino acid
sequences were aligned using MUSCLE with default parameters and
converted to coding sequence (CDS) alignments using PAL2ZNAL®.
KaKs_Calculator (v.2.0)**was used to calculate K, and K.

Identification and characterization of SVs

To identify SVs, we used 11 de novo genome assemblies generated
in this study alongside the previously reported JL7 genome. We
aligned the 11 mung bean genomes to the ZL19 genome using MUM-
mer (v.4.0.0beta2)®® with the parameters “mum -minmatch=50
-mincluster=100. SVs were detected using SyRI (v.1.5.3)%* with default
parameters. SVs in syntenic regions were classified into four types,
including insertions, deletions, inversions and translocations. Inser-
tions and deletions were collectively referred to as PAVs. Only SVs
>50 bp were retained for downstream analyses.

To identify shared SVs relative to ZL19 across mung bean acces-
sions, we merged SVs of the same type using specific overlap criteria:
deletion, inversion and translocation SVs were merged if they over-
lapped by >90%, and insertion SVs were merged if the overlap was
>90% and they were within 5 bp of each other on the reference genome’.
Toidentify SV hotspotregions, the density of SV breakpointsin nono-
verlapping 1-Mb windows was quantified for each chromosome. All win-
dows were thenranked in descending order of breakpoint density, and
the top 5% were designated as SV hotspots. The consecutive hotspot
windows were merged into contiguous hotspot regions. To assess the
genomic distribution of SVs, weintersected SV coordinates with gene
annotations using BEDTools®. SVs were classified into five categories
based on overlap with (1) CDSs, (2) introns, (3) 5 kb upstream of the
start codon, (4) 5 kb downstream of the stop codon and (5) intergenic
regions. If an SV overlapped with two or more genomic regions, it
was counted in all relevant categories. The proportion of SVs in each
category was then calculated.

Variant calling of 580 mung bean accessions

The raw Illlumina DNA reads were processed to remove adapter and
low-quality sequences using Trimmomatic (v.0.39)° with the param-
eters ‘TruSeq3-PE-2.fa:2:30:10:1: TRUE SLIDINGWINDOW:4:20 LEAD-
ING:3 TRAILING:3 MINLEN:40. Clean reads were mapped to the ZL19
reference genome using BWA-MEM®® with default parameters. SAM-
tools®” was used to filter and sort the mapping results, and only the
reads with a mapping quality of 230 were retained for downstream
analysis. Duplicate reads in each alignment file were marked using
the MarkDuplicates function in the GATK (v.4.2)%. SNPs and small
indels were then called from the bam files using the HaplotypeCaller
algorithm in GATK. Raw SNPs were then hard filtered using GATK
(v.4.2) withparameters‘QD<2.0 || FS>60.0 | |[MQ<40.0||SOR>3.0
[IMQRankSum < -12.5||ReadPosRankSum < -8.0, and raw smallindels
werefiltered with‘QD <2.0 | | FS>200.0 || ReadPosRankSum < -20.0.
Only biallelic variants were retained for downstream analyses. Subse-
quently, VCFtools® was used for soft filtering, retaining only variants
with aminor allele frequency >0.01 and a missing genotype rate <0.1.
SnpEff (v.5.0e)°° was used to annotate single nucleotide variants with
default parameters.

Phylogeny and population structure analysis

The VCF file of the mung bean population was used as input to
VCF2Dis (https://github.com/BGl-shenzhen/VCF2Dis) to generate a
distance matrix for neighbor-joining tree construction using PHYLIP
(v3.697). PCAwas conducted in PLINK (v.1.90b6.26) after LD-pruning
(‘-indep-pairwise 5010 0.1'). PC1separated Gl and G3afrom G3b, and
PC3 further distinguished G1from G2 and G5. Population structure was
inferred using ADMIXTURE (v.1.3.0; K = 2-7)°?, revealing subgroup dif-
ferentiation, including G4 (K=4) and G5 (K= 5). LD decay was estimated

using PopLDdecay’® with default parameters. Population genetic indi-
ces (Fsrand m) were calculated in nonoverlapping 10-kb windows using
VCFtools. XP-CLR* was used for identifying selective sweeps between
two subpopulations.

Construction of the graph-based mung bean pan-genome and
SV genotyping
Agraph-based mungbean genome was constructed by using SVsiden-
tified from the 11 assembled genomes. The vg-construct function
within the vg toolkit (v.1.28.0)* was performed for integrating PAVs and
inversions detected by SyRlinto the ZL19 linear reference genome with
default parameters, generating a vg-format pan-genome. The complex
regionsinthe raw graph were eliminated using the vg-prune function,
and vg-index was used for buildingindexes based on the pruned graph.
Toidentify SVsinthe 580 accessions, filtered llluminashortreads
were mapped to the graph-based reference genome and SVs were
genotyped using the pipeline integrated in the vg toolkit (v.1.28.0).
Briefly, the clean reads were mapped to the graph pan-genome using
vg-map with default parameters. The resulting aligned GAM files were
filtered with the vg-filter function toimprove precision. Then, vg-pack
and vg-snarls were performed sequentially with default parameters to
generate a compressed coverage index and snarls. Further, SV geno-
types were then called from the short reads using the vg-call function
with default parameters. The resulting genotyping data were merged
using BCFtools’ for downstream analyses. Finally, the SV genotypes
were filtered using VCFtools with the criteria: minor allele frequency
>0.01and missing rate <0.3.

SNP-based and SV-based GWAS

Genome-wide SNPs were used for GWAS analysis using GEMMA®. The
kinship was used as a covariance factor in the association model. The
linear mixed model was applied for the analysis. The effective number
of SNPs was calculated using the Genetic Type I Error Calculator. The
Bonferroni-corrected P-value thresholds (SNP,1.0 x 107%;SV,1.0 x 107)
were determined by a uniform threshold of 1/N, where Nis the effective
number of SNPs or SVs calculated by the Genetic Type [ Error Calculator.
The candidate gene region was determined based on the LD between
the peak SNP and its neighboring SNPs, with the LD cutoff set at half
the maximum LD value for V. radiata. The SV-GWAS was performed
using the same model.

Geographic map generation

The geographical coordinates of the collection sites for all varieties
and phenotypesin thisstudy were plotted onamap using the ggplot2
(ref. 47) package inR (v.4.1.0).

Gene expression analysis

To estimate gene expression levels in 11 mung bean accessions,
clean RNA-seq reads from different tissues were aligned to the
chromosome-level ZL19 assembly using HISAT2 (ref. 66). The frag-
ments per kilobase of exon model per million mapped fragments
(FPKM) values of genes were estimated using StringTie2 (ref. 67) with
the parameter -e.

Functional enrichment analysis

GO andKEGG enrichment analyses were performed using the cluster-
Profiler®® package. GO or KEGG terms with an adjusted P value < 0.05
were considered statistically significantly enriched.

Y2H assay

The CDSs of VrTIFY6B"**2, VrTIFY6B"**, VrPPDI and FtPPD were cloned
individually into the pGADT?7 vector, and VrNINJA2, VrKIX8""° and
VrKIX8"*"' were inserted into the pGBKT7 vector via homologous
recombination. Pairs of these constructs (or empty vectors) were
cotransformed into yeast strain Y2Hgold using a transformation kit
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(SK2400-200, Coolaber). Transformants were cultured initially onSD
mediumwithout Leu or Trp at 28 °C for 3-4 days. Subsequently, yeast
cells were serially diluted tenfold and plated onto SD medium without
Leu, Trp and His or SD medium without Leu, Trp, His and Ade, then
incubated at 30 °C until colony emergence. All oligonucleotide prim-
ers used in vector construction are listed in Supplementary Table 36.

Dual-luciferase assay

For dual-luciferase assays, promoters were cloned into pGreenll
0800-LUC vector. Agrobacterium tumefaciens strain GV3101 contain-
ing these constructs was cultured overnight at 28 °C. Cultures were
then diluted to an optical density at 600 nm of 0.6 in resuspension
buffer containing 10 mM MgCl,, 10 mM MES and 100 mM acetosyrin-
gone. Nicotiana benthamianaleaves were injected with A. tumefaciens
carryingthe construct. The injected leaves wereincubated in the dark
for 24 h and then exposed to a 48 h of light-dark cycle, after which
the injected leaves were detached and sprayed with 1 mM D-luciferin
sodium salt and 0.01% (v/v) Triton X-100 in ddH,0. The luminescence
was captured using an LB983 Nightowl Il system. Primer sequences are
provided in Supplementary Table 36.

Firefly LCl assays

For LCl assays, the full length VrTIFY6B"*' and VrTIFY6B"*** and VrN-
INJA2 sequences were amplified with specific primers and cloned into
pCAMBIA1300-cLUC and pCAMBIA1300-nLUC vectors. The constructs
were transformed into GV3101 and subsequently coinfiltrated into
4-week-old N. benthamiana leaves. Luminescence signals were cap-
tured using a live imaging system. The primers used in the assay are
listed in Supplementary Table 36.

Subcellular localization

The CDS of VrKIX8was cloned and inserted into the pPCAMBIA1300-GFP
vector. This recombinant plasmid and a nuclear-localized marker
(p2300-H2B-mCherry) were transformed into A. tumefaciens strain
GV3101. Co-infiltration was performed on N. benthamiana leaves.
After incubation, fluorescence was detected using a Zeiss LSM900
laser scanning confocal microscope. Primer sequences are provided
inSupplementary Table 36.

Quantitative PCR with reverse transcription analysis

Total RNA was extracted using the RNAEasy Plant Tissue Kit (DP452,
Tiangen). First-strand cDNA was synthesized with HiScript III RT Super-
Mix (+gDNA wiper) (R323,v.21.1, Vazyme) following the manufacturer’s
instructions. Quantitative PCR with reverse transcription was con-
ducted using Taq Pro Universal SYBR qPCR Master Mix (Q712, v.20.1,
Vazyme), adhering to the manufacturer’sguidelines. Primer sequences
are provided in Supplementary Table 36.

Enzyme assays

The VrPGIP1 CDS was amplified and inserted into the pGEX-4T2
fusion expression vector, which was then transformed into Escheri-
chia coli BL21 (DE3) cells. Protein expression was induced with
0.5 mM isopropyl-B-D-thiogalactopyranoside at 18 °C overnight.
The fusion proteins were purified by immobilization onto Pierce
GST agarose followed by elution with reduced L-glutathione. The
polygalacturonase-inhibiting activity of VrPGIPI was assessed by quan-
tifying the reduction of reducing sugars released from polygalactu-
ronic acid using a colorimetric assay’’. Primer sequences are listed in
Supplementary Table 36.

Nodulation phenotyping

Mung bean seeds were surface-sterilized with 75% ethanol and 2.5%
sodium hypochlorite, then germinated in darkness at 28 °Cfor 3 days.
Seedlings were grown in pots of sterilized vermiculite in a growth
chamber. Bradyrhizobium diazoefficiens USDA110 was cultured in

tryptone yeast medium to an optical density at 600 nm of 0.8. The
cells were collected by centrifugation, washed and resuspended in
freshtryptone yeast medium. Two-week-old seedlings were inoculated
with 10 ml of the bacterial suspension. Plants were watered subse-
quently with nitrogen-free Hoagland solution. At 20 days postinocu-
lation, root nodules were counted and photographed, and root fresh
and dry weights were measured. The experiment consisted of three
biological replicates.

Generation of transgenic hairy roots and Arabidopsis

The CDSsequences of VrTIFY6B"*! and VrTIFY6B"** were amplified by
PCR and inserted into the pCAMBIA1302 vector. The VrTIFY6B"! or
VrTIFY6B"*** recombinant plasmids were transformed into Agrobac-
teriumrhizogenes strain A4 to generate transgenic hairy roots in buck-
wheat and mung bean, by infecting hypocotyl segments followed by
cocultivation and antibiotic selection to induce root emergence'®. The
VrKiIX8 and Vr04g06481 CDS sequences were cloned and subsequently
inserted into the pCAMBIA1307 vector. The recombinant plasmids were
also introduced into A. tumefaciens strain GV3101 to produce trans-
genic Arabidopsis using the floral dip method. Each experiment was
conducted with three biological replicates. Hairy roots were harvested
2 weeks postinoculation and dried for FC analysis. Primer sequences
are provided in Supplementary Table 36.

Bruchid resistance analysis of VrPGIP1

Thebruchid resistance assay for VrPGIP1 against Callosobruchus macu-
latuswas performed by infesting customized artificial seeds with newly
emerged adult bruchids and monitoring insect development®’. The
seed coats of ZL19 and F333 (a high bruchid resistance control) acces-
sions were mechanically removed by decortication and subsequently
ground into fine powders. The resulting ZL19 powder served as the
matrix for constructing artificial seeds containing varying concentra-
tions (0%, 0.01%, 0.05%, 0.1% and 0.2%) of VrPGIP1. F333 served as the
control without VrPGIP1 protein. The number of eggs and emergence
holes was recorded at 7 and 50 days after infestation.

Statistics and reproducibility

All computational analyses and statistical tests were executed within
the R environment (v.4.1.0). We used two-tailed Student’s ¢-tests and
Wilcoxon rank-sum tests to assess group differences, with the specific
methodology for each experiment detailed in the corresponding figure
legends. Crucial statistical parameters, including P values, sample sizes
(n) and numbers of replicates, are documented explicitly throughout
the paper to ensure study transparency and reproducibility.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All long-read sequencing, Hi-C sequencing (CRA018804) and tran-
scriptome sequencing data (CRA018850) of Vigna radiata genomes
generated in this study have been deposited in the Genome Sequence
Archive (GSA) at the National Genomics Data Center (NGDC) (https://
ngdc.cncb.ac.cn), China National Center for Bioinformation/Beijing
Institute of Genomics, Chinese Academy of Sciences under the BioPro-
jectaccession (PRJCA029414). The 580 whole-genome resequencing
data (CRA018971) generated in this study have been deposited in the
GSA at NGDC under the BioProject accession (PRJCA029425). The
whole-genome sequence datareported in this paper have been depos-
ited in the Genome Warehouse (GWH) at the NGDC, Beijing Institute
of Genomics, Chinese Academy of Sciences/China National Center for
Bioinformation, under accession numbers that are publicly accessible
athttps://ngdc.cncb.ac.cn/gwh/ (GWH: GWHFDOMO00000000.1, GWH-
FDONO0000000.1, GWHFDOO00000000.1, GWHFDOP0O0000000.1,
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GWHFDOQ00000000.1, GWHFDOR00000000.1, GWHF-
DOS00000000.1, GWHFDOT00000000.1, GWHFDOU00000000.1,
GWHFDOV00000000.1, GWHFDOWO00000000.1). All long-read
sequencing data, Hi-C sequencing and transcriptome sequencing data
have beendepositedin the National Center for Biotechnology Informa-
tion (NCBI) database under the BioProject accession PRJNA1160184.
The 580 NGSresequencing data have been deposited in the NCBI data-
base under the BioProject accession PRJNA1161446. Source data are
provided with this paper.

Code availability

All custom code and scripts used in this study are publicly available
on GitHub (https://github.com/jackiexls/vigna-pan-genome) and
are available via Zenodo at https://doi.org/10.5281/zenodo.19186411
(ref.101).
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