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Pan-genome-based resequencing of 2,320 
accessions reveals structural variations  
and accelerates breeding advances in 
cultivated peanut
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The cultivated peanut is a crucial global legume crop that is essential for 
food security and nutrition, particularly in developing regions. However, its 
limited genetic variation hampers breeding progress and yield improvement. 
Here we constructed a graph-based pan-genome for peanut, incorporating 
14 genomes that represent all 6 peanut varieties. Using this pan-genome, 
we genotyped 2,320 accessions, covering 88.03% of ICRISAT and 59.21% of 
USDA core germplasm, enriching valuable resources for genomic studies 
and breeding. We cataloged genomic structural variations and investigated 
the role of homoeologous exchanges in population divergence. Through our 
pan-genome approach, we overcame the challenges of genotyping posed by 
homoeologous exchanges and identified key genes associated with flowering 
and dwarfism in peanut. By integrating superior haplotypes and germplasm 
resources guided by the pan-genome, we further developed high-yield 
dwarf lines. This work provides essential genomic resources to accelerate 
functional gene discovery and modern peanut breeding.

Cultivated peanut is an allotetraploid species (AABB) derived from 
a single hybridization and polyploidization event involving two dip-
loid progenitors, Arachis duranensis and Arachis ipaensis1,2. Based 
on phenotypic variation, cultivated peanut is classified into two 
subspecies and six botanical varieties: subsp. hypogaea, comprising 
var. hypogaea and var. hirsuta; and subsp. fastigiata, comprising var.  
fastigiata, var. vulgaris, var. peruviana and var. aequatoriana3.  
Cultivated peanut is believed to have been domesticated from its  
wild tetraploid progenitor in the region of southern Bolivia and 

northern Argentina, with subsequent spread across the globe through 
migration routes4. However, the cultivated peanut has experienced 
substantial genetic bottlenecks throughout its evolution and domes-
tication, resulting in narrow genetic diversity5,6. Exploitation of genetic 
diversity is critical for genetic improvement of peanut and modern 
breeding to adapt to growth in production demand7,8.

In this study, we constructed a peanut pan-genome using  
14 genomes representing all 6 botanical varieties. This comprehen-
sive resource enabled systematic identification of a broad spectrum 
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19.70% of the total genes within each individual accession (Fig. 1c and 
Extended Data Fig. 1a). Compared with dispensable genes, core and 
softcore genes had markedly lower nonsynonymous/synonymous 
substitution ratios (Ka/Ks) and were expressed at significantly higher 
levels (Extended Data Fig. 1b,c). Furthermore, Kyoto Encyclopedia of 
Genes and Genomes enrichment analysis revealed that core genes 
were predominantly associated with cell signaling and metabolism 
regulation pathways, whereas dispensable genes were mainly involved 
in pathways such as DNA repair (Extended Data Fig. 1d). It is typically 
suggested that core genes, conserved during evolution, are needed 
to maintain fundamental biological functions, whereas dispensable 
genes may have undergone more rapid evolution as part of adaptation 
to varying conditions.

SV characterization and graph-based genome
The reference genomes allowed us to identify SVs by comparative 
genomic analysis among different accessions. Alignment of the 13 
genomes to the Tifrunner genome identified a total of 126,758 SVs, 
including 119,965 presence/absence variations (PAVs), 5,639 copy 
number variations (CNVs), 614 inversion events and 540 transloca-
tion events (Fig. 1d, Supplementary Fig. 3 and Supplementary Table 14). 
Each accession contained approximately 34.00 Mb of inversion events 
and 1–8 intrachromosomal translocations (size range: 0.20–10.11 Mb) 
across chromosomes (Supplementary Tables 15 and 16). Specifically, 
based on the phylogeny of the 14 accessions, we identified an inversion 
of approximately 5.76 Mb on chr. 13 that effectively distinguished the 
two subspecies of cultivated peanut (Fig. 1e and Supplementary Fig. 4). 
We randomly selected 110 SVs (ranging from 628 bp to 11,452,067 bp) 
and validated their authenticity using HiFi, Hi-C or PCR amplification 
(Supplementary Figs. 5–8 and Supplementary Table 17).

We subsequently merged 126,758 SVs into a set of 44,073 non-
redundant SVs and constructed a graph-based pan-genome by inte-
grating the identified SVs into the Tifrunner v.2 genome sequences. 
PAVs accounted for approximately 90% of these SVs, and about 30% 
of them were located in genic regions (within coding sequences or 
introns) and flanking regions (upstream or downstream of genes) 
(Extended Data Fig. 2a,b). To assess the impact of these PAVs on gene 
expression, we performed a differential expression analysis between 
genes with and without PAVs in the corresponding genomic regions 
across each accession. We found that PAVs located in the coding 
regions were more likely to affect gene expression than those located 
in introns, upstream and downstream of genes (Extended Data Fig. 2c). 
Furthermore, transposable elements (TEs) were enriched in PAVs, 
with LTR-TE-derived PAVs comprising the largest proportion (49.1%) 
of all PAVs (Extended Data Fig. 2d,e). Although TE-derived PAVs 
were more abundant in intergenic regions, their distribution within 
intragenic regions was similar to that of non-TE-derived PAVs 
(Extended Data Fig. 2f).

Population structure and diversity based on pan-genome
To explore genetic diversity at the population scale based on the 
pan-genome, we resequenced 2,320 cultivated peanut accessions with 
an average coverage of ~14× (Supplementary Table 18). These acces-
sions included 782 var. hypogaea, 127 var. hirsuta, 553 var. fastigiata, 
792 var. vulgaris, 63 var. peruviana and 3 var. aequatoriana collected 
from 87 countries or regions (Fig. 2a and Supplementary Table 19). 
After aligning the resequencing data to the graph-based pan-genome, 
we identified 29,195,792 single nucleotide polymorphisms (SNPs) and 
insertions/deletions (indels). Then, we performed phylogenetic analy-
sis and principal component analysis using 16,318,617 quality-filtered 
SNPs and classified the 2,320 accessions into 4 groups (Fig. 2b,c and 
Supplementary Table 20). Moreover, structural analysis of 12,816 
four-fold degenerate (4DTv) sites revealed a similar clustering pattern 
(Extended Data Fig. 3a). The four groups were as follows: the PA group, con-
sisting primarily of var. peruviana and var. aequatoriana accessions; the  

of structural variations (SVs) and assessment of their contributions 
to agronomically important traits. By integrating whole-genome 
sequencing data from 2,320 geographically and genetically diverse 
germplasm accessions, we generated the most comprehensive peanut 
pan-genomic resource to date. This resource enabled comprehensive 
SV discovery and improved gene mapping in homoeologous exchange 
(HE) regions; it also allowed us to identify loci underlying key agro-
nomic traits, including flowering time and dwarfism, providing new 
insights into the genetic basis of peanut domestication and improve-
ment. Through pan-genome-guided integration of superior haplo-
types, we developed a superior dwarf line with high-yield potential. 
This study provides a comprehensive biodigital resource to accelerate 
the development of high-yield peanut cultivars.

Results
Genome assembly and pan-genome analysis of  
cultivated peanut
To represent the genome diversity of cultivated peanut, we selected 
10 representative accessions of all 6 botanical varieties from  
the phylogenetic relationships of 401 accessions (Fig. 1a, Supplementary  
Figs. 1 and 2, Supplementary Table 1 and Supplementary Note 1).  
We performed de novo genome assembly of the 10 accessions using 
high-fidelity (HiFi) reads (average coverage, 45.20×; Supplementary  
Table 2), followed by high-throughput chromatin conformation 
capture (Hi-C) scaffolding using paired-end reads (average cov-
erage, 110.61×; Supplementary Table 3) to correct misassemblies 
and anchor contigs to 20 pseudochromosomes. For genome pol-
ishing, we used short-read sequencing data with an average depth 
of 105.70× (Supplementary Table 4). Five genomes were further 
improved with respect to integrity and continuity, with an aver-
age of 63.12 Gb of ultralong Oxford Nanopore Technologies (ONT) 
data (Supplementary Table 5). We generated 10 reference-quality 
genomes with an average assembly size of 2.61 Gb, contig N50s 
of 70.87–140.38 Mb, and scaffold N50s of 132.29–141.62 Mb 
(Supplementary Table 6). HiFi and short-read mapping rates averaged 
99.82% and 99.93%, respectively, and BUSCO completeness averaged 
99.27% (Supplementary Tables 7–10). Furthermore, K-mer complete-
ness averaged 98.70%, with a quality value of 51.81, and the long terminal 
repeat (LTR) assembly index exceeded 10 for all assemblies, supporting 
their reference quality (Supplementary Tables 10 and 11). We anno-
tated an average of 78,222 protein-coding genes per genome, with 
99.28% BUSCO completeness, using ab initio, homology-based and RNA 
sequencing (RNA-seq)-based predictions (Supplementary Table 10). 
Repetitive sequences comprised 78.36% (~2.0 Gb) of each genome, 
predominantly LTR retrotransposons, with Gypsy elements accounting 
for 41.85% (Supplementary Table 12).

We conducted a comprehensive pan-genome analysis for cul-
tivated peanut species with the ten newly assembled genomes and 
four previously published genomes2,9–11. Before constructing the 
pan-genome gene set, we employed a cross-mapping approach to 
standardize gene structure annotations and thus enhance the consist-
ency of gene clustering. Following reannotation, the average number 
of genes across the 14 genomes was 82,543 (Supplementary Table 13). 
An orthologous gene analysis subsequently classified all 1,155,597 
genes from the 14 genomes into 88,733 gene families, identifying 17,591 
additional families compared with a recent pan-genome study of eight 
peanut germplasms12. Among the gene families, 48,948 were defined as 
core gene families present in all 14 accessions, 6,427 were softcore gene 
families present in 13 accessions, 31,541 were dispensable gene families 
present in 2 to 12 accessions and 1,817 were private gene families found 
in only 1 accession (Fig. 1b). In addition, there were 11,789 genes (1.02% 
of the total genes) that were not assigned to any orthogroup. Although 
dispensable and private gene families represented a substantial por-
tion (37.60%) of all gene families identified across the 14 accessions, 
the genes belonging to these families accounted for an average of only 
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HH group, which included most of the var. hypogaea and var. hirsuta 
accessions; and the Vu and Fa groups, containing most of the var. vulgaris 
and var. fastigiata accessions, respectively. Among these four groups, 
the PA group presented the greatest genetic divergence (fixation index; 
FST) from the other three groups in pairwise comparisons, as well as the 
highest nucleotide diversity, with π = 1.23 × 10−4 (Extended Data Fig. 3b).

TreeMix and D-statistics analyses detected directional gene 
flow from Fa into PA, as well as from PA and HH into Vu (Extended  
Data Fig. 3c,d), suggesting that peanut diversification involved 
postdivergence genetic exchange in addition to lineage divergence. 
Genome-wide fd scans further resolved these signals at the chromo-
somal level (Supplementary Fig. 9 and Supplementary Table 21). In 
the Fa-to-PA comparison, two prominent fd peaks were detected on 
chromosome A05 (Extended Data Fig. 3e), overlapping with previously 

reported major quantitative trait loci (QTLs) controlling formation of 
multiseeded pods (3–4 seeds per pod)13.

Given the pronounced morphotype divergence between 
ssp. hypogaea and ssp. fastigiata3,14, we performed a case–control 
genome-wide association study (GWAS) to identify PAVs associated 
with morphotype divergence between the two subspecies. This analy-
sis identified 1,967 significant PAVs within the top 5% of GWAS signals 
(Supplementary Table 22). We also calculated FST values between the 
two subspecies to identify genomic regions associated with subspecies 
divergence. Genomic windows within the top 5% of FST values (cover-
ing 147.20 Mb in total) were defined as highly differentiated regions 
(Supplementary Table 23). By taking the intersection of PAV coordi-
nates with these regions, we identified 5,381 subspecies-differentiated 
PAVs located within highly diverged genomic regions. Finally, by taking 
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Fig. 1 | Pan-genome analysis of 14 genomes. a, Highly diverse agronomic 
phenotypes among ten peanut accessions, including plant height and 
architecture. b, Compositions of the pan-genome. The histogram shows the 
frequency of gene families, and the pie chart depicts proportions of core, 
softcore, dispensable and private gene families. c, Presence and absence 

information of pan-gene families in the 14 peanut genomes. d, Numbers of each 
SV type (deletions, insertions, inversions, translocations and CNVs) in individual 
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Hi-C-validated 5.76-Mb inversion event on chr. 13 between subsp. hypogaea 
(Tifrunner) and subsp. fastigiata (DL135).
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the overlap of these with the case–control GWAS signals, we obtained 
312 high-confidence PAVs that were both statistically associated and 
genomically differentiated between subspecies. Among these, 133 PAVs 
overlapping 157 genes were located within genic and gene upstream/
downstream regions, potentially leading to specific gene alterations 
(Supplementary Table 24). Functional annotation and pathway map-
ping revealed that several of these genes were involved in pathways 
related to photoperiod, flowering and seed dormancy (Fig. 2d–f and 
Supplementary Table 25). For example, Ah09g143300, a homolog of the 
soybean PhyA genes (PHYTOCHROME A) that function in photoperiod15, 
and Ah08g346000, a homolog of Arabidopsis DAG1 (DOF AFFECTING 
GERMINATION 1) associated with seed dormancy16, both harbored dele-
tions in their coding regions specifically in ssp. fastigiata accessions 
(Extended Data Fig. 3f).

HE in peanut population
Previous studies have suggested that cultivated peanuts, as segmental 
allotetraploids, undergo HE with distinct patterns across accessions, 
and that this contributes to phenotypic variation1,2,17. However, the 
specific role of HE in peanut evolution has remained largely unexplored. 
Therefore, we investigated the contribution of HE to subspecies diver-
gence by calculating HE values from 586 accessions with sequencing 
depths ≥20×. All 586 accessions exhibited widespread HE events, as 
evidenced by our identification of 3,352 HE genes among 17,373 gene 
pairs (Supplementary Table 26). HEs were strongly biased toward B-to-A 
exchanges, in which B chromosome segments replaced A chromosome 
segments, with more events (95 versus 13) and a greater cumulative 
exchange length (33.21 Mb versus 11.26 Mb) than A-to-B exchanges 
(Fig. 3a,b and Supplementary Table 27). This pattern was observed 
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across all chromosomes except B05, with B04 showing the greatest 
average B-to-A exchange (9.72 Mb), and was consistent across all four 
groups (Fig. 3c and Supplementary Fig. 10), indicating asymmetric 
genome evolution in peanut.

To assess population structure in HE variation, we hierarchi-
cally clustered 586 accessions using HE values for homoeologous 
gene pairs. The resulting four clusters were consistent with the 
SNP-defined population groups for more than 90% of accessions 
(Supplementary Table 28). The four groups exhibited distinct HE pat-
terns (Fig. 3d and Supplementary Fig. 11), indicating that HE variation 
was structured by population. Further analysis revealed that 723 HE 
genes were shared across all four groups, whereas 45, 31, 17 and 14 
group-specific HE genes were identified in the PA, HH, Fa and Vu groups, 
respectively (Supplementary Table 29). Gene ontology enrichment anal-
ysis revealed that shared HEs were predominantly associated with devel-
opmental and reproductive processes, whereas population-specific HEs 
were enriched for cellular-level functions, including cytoskeletal activ-
ity, cell cycle regulation and energy metabolism (Extended Data Fig. 4a). 
Genomically, shared HEs were highly concentrated on chromosome 
B05 (41.1%), from which population-specific HEs were nearly absent, 
whereas population-specific HEs were markedly enriched on B06 and 
B07, showing strong chromosome- and population-dependent biases 
(Supplementary Fig. 12). Furthermore, population-specific HEs dis-
played pronounced chromosome- and population-dependent biases. 
HH-specific HEs were primarily concentrated on B06, PA-specific HEs 
on B07 and Fa-specific HEs on B04, whereas Vu-specific HEs were more 
broadly distributed (Extended Data Fig. 4b).

To investigate the evolutionary origins of these HEs, we com-
pared cultivated peanut HEs with the closest wild tetraploid relative, 
Arachis monticola. Among 723 shared HEs in cultivated peanut, 540 
(74.7%) were also present in A. monticola (Extended Data Fig. 4c and 
Supplementary Table 30), indicating that the majority of shared 
HEs probably originated early after polyploid formation and have 
become largely fixed. Notably, 22 of 107 population-specific HEs 
(20.6%) were detectable in A. monticola (Extended Data Fig. 4c and 
Supplementary Table 30), suggesting that a subset of these events 
represents ancestral variation predating domestication, which was 
subsequently redistributed across cultivated populations. The B-to-A 
exchange bias observed in cultivated peanuts was also present in A. mon-
ticola (Extended Data Fig. 4d,e and Supplementary Table 31), implying 
that subgenome asymmetry reflects an intrinsic property rather than 
solely artificial selection. Frequency analysis of population-specific HEs 
revealed that HH- and Vu-specific HEs were enriched in improved cul-
tivars, consistent with selection during breeding, whereas Fa-specific 
HEs showed reduced frequencies, and PA-specific HEs remained largely 
stable (Extended Data Fig. 4f). Pathway annotation indicated that HEs 
enriched in improved cultivars were predominantly associated with 
stress response and organ development (Supplementary Table 32), 
suggesting a potential contribution to traits under selection. Com-
pared with non-HE homoeologous gene pairs, HE-affected pairs 
showed higher protein sequence identity (99.37% versus 97.91%) and 
lower Ks (0.0069 versus 0.034) and Ka (0.0028 versus 0.0084) val-
ues, suggesting reduced subgenomic divergence associated with HE 
(Supplementary Fig. 13).
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Pan-genome facilitates identification of agronomic genes 
hindered by HE
HE can induce duplication–deletion events (homoeologous replace-
ments) and balanced translocations18,19, which can pose challenges for 
accurate gene identification when using a single genome as a ref. 20. The 
genotypes of segmental allotetraploid regions are often missing owing 
to alignment of resequencing reads to both subgenomes; such reads 
are frequently discarded during variant calling (Supplementary Fig. 14). 
By contrast, the pan-genome approach, which incorporates broader 
species diversity, successfully mitigated these challenges. By using 
the pan-genome, we identified flowering regulation and dwarf genes 
in the HE regions with potential breeding value for improvement of 
plant architecture in peanut.

Flowering regulator gene in peanut. Presence or absence of flowers 
on the main stem (PMSF or AMSF, respectively) (Fig. 4a) is a major 
determinant of peanut architecture and pod setting3. Through 
pan-genome-based SV-GWAS, we identified a highly significant asso-
ciation signal within the HE region (AAAA copy region) at the distal end 
of chr. 12 (Fig. 4b,c and Extended Data Fig. 5a). The associated SV was 
a 1,489-bp deletion within the fourth exon of AhTFL1 (Ah12g463000), 
which has previously been identified as the ortholog of TFL1 in 

Arabidopsis3,21,22 (Extended Data Fig. 5b). Fine mapping independently 
localized the trait to a 117.6-kb interval containing 16 genes, including 
AhTFL1 (Supplementary Fig. 15 and Supplementary Table 33). Together 
with previous evidence from AhTFL1 mutant lines21, the concordant 
SV-GWAS and mapping results support AhTFL1 as a candidate gene for 
main-stem flowering in peanut. Across 2,320 accessions, seven AhTFL1 
haplotypes were identified: the intact Hap1 was associated with AMSF, 
whereas structurally altered Hap2–Hap7 were associated with PMSF 
(Fig. 4d and Supplementary Note 2). Their frequencies varied among 
populations; Hap3 was enriched in PA, Hap1 in HH, and Hap2 in Vu and 
Fa, with Hap2 exhibiting the greatest haplotype diversity (Fig. 4e).

The Hap2-associated deletion generates a truncated AhTFL1 pro-
tein, AhTFL1(T) (Extended Data Fig. 5b). Phylogenetic analysis placed 
AhTFL1(T) within the FT rather than the TFL clade (Extended Data Fig. 5c). 
Transgenic experiments in Arabidopsis showed that 35S:AhTFL1 expres-
sion delayed flowering, whereas 35S:AhTFL1(T) expression accelerated 
it (Extended Data Fig. 5d). Furthermore, 35S:AhTFL1-expressing plants 
had compact inflorescences filled with leaf primordia and indetermi-
nate growth habits (Extended Data Fig. 5e,f). These results indicate 
that carboxy-terminal truncation switches AhTFL1 from a floral repres-
sor to a flowering promoter. We further conducted a comprehensive 
analysis of the FT/TFL family in peanut (Extended Data Fig. 6a and 
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Supplementary Note 3). AhTFL1 and AhBFT-1, both of which delayed 
flowering in Arabidopsis, interacted with AhFD, whereas AhTFL1(T), 
AhFT-1 and AhMFT-1, all of which accelerated flowering, interacted with 
AhNOT2a (Fig. 4f,g and Extended Data Fig. 6b–d). Correspondingly, 
floral identity genes AhAP1 and AhLFY were more highly expressed 
in PMSF than AMSF accessions (Fig. 4h). These findings suggest that 
AhTFL1 and its homologs play dual parts in control of flowering by 
modulating different protein interactions (Fig. 4i).

Dwarf gene in peanut. The green revolution represented by semidwarf 
and dwarf crop varieties has transformed modern agriculture21,23,24, but 
no dwarf germplasm has been well adopted in peanut cultivation. The 
accessions investigated in this study included the dwarf germplasm 
Aisheng (AS) belonging to var. fastigiata. AS plants present a highly com-
pact phenotype, with a stem length 73.2% shorter than that of wild-type 
(WT) plants (Fig. 5a and Supplementary Table 34). Notably, no significant 
differences in key agronomic traits, such as hundred pod weight and 
hundred seed weight (Supplementary Table 34), were detected between 
AS and WT plants. Thus, AS represents a highly valuable genetic resource 
for development of high-yield dwarf cultivars in peanut.

To identify the gene underlying dwarfism in AS, we generated an F2 
population of 1,548 individuals from a cross between AS and Tifrunner. 
The dwarf phenotype segregated as a single recessive nuclear locus 
(3:1; χ2 = 1.38, P = 0.24; Supplementary Table 35). Bulked-segregant 
analysis by deep sequencing and marker analysis initially mapped the 
locus to an interval of 3.0–5.0 Mb assigned to chromosome 2 in the 
Tifrunner reference. However, fine mapping revealed highly irreg-
ular recombination across this interval (Extended Data Fig. 7a–c). 
Genome alignment and Hi-C analysis identified an approximately 
6.0-Mb balanced reciprocal translocation between chromosomes 
2 and 12 in AS (Fig. 5b,c). The same translocation was detected in 
DL135 and Kaust by pan-genome analysis (Extended Data Fig. 7d and 
Supplementary Fig. 16), and a 3.94-kb HE region was identified at the 
translocation breakpoint (Supplementary Note 4). A marker derived 
from the breakpoint region identified the translocation in 463 of 2,320 
accessions (Supplementary Fig. 17 and Supplementary Table 36). Of 
these, 432 accessions (93.30%) belonged to the Fa group, representing 

89.44% of all Fa accessions (432 of 483). By contrast, the translocation 
was absent from PA (0 of 73) and rare in HH (1 of 935) and Vu (30 of 829). 
This distribution suggests that the translocation arose before or early 
during diversification of the Fa group and subsequently increased 
to high frequency. As DL135 carries the same translocation as AS, we 
crossed these accessions to restore structural collinearity during fine 
mapping. This population localized the dwarf locus to a 100-kb interval 
between AD.SNP7 and AD.SNP8 at 3.47–3.57 Mb on AS chromosome 2, 
corresponding to 3.66–3.76 Mb on Tifrunner chromosome 12 (Fig. 5d).

The interval contained 15 annotated genes and 23 sequence 
variants, comprising 6 indels and 17 SNPs. Six SNPs occurred within 
Ah12g032500, including three nonsynonymous substitutions (Fig. 5d 
and Supplementary Table 37). Screening of 2,320 accessions further 
identified an independent 47.31-kb deletion that disrupted Ah12g032500 
in DL156 (Extended Data Fig. 8a and Supplementary Fig. 18). DL156 
exhibited dwarfism comparable to that of AS, with similar reduc-
tions in plant height and internode length (Extended Data Fig. 8b,c). 
Moreover, virus-induced silencing of Ah12g032500 in WT peanut 
reduced both plant height and internode length relative to controls 
(Extended Data Fig. 8d–f), identifying Ah12g032500 as a candidate gene 
underlying dwarfism. Ah12g032500 encodes an LRR-containing protein 
that is highly conserved among wild Arachis relatives (>90% sequence 
identity) but substantially more diverged in other legumes (<50%; 
Supplementary Fig. 19). Gibberellin (GA) profiling revealed reduced 
levels of GA1, GA3, GA5, GA20 and GA34 in AS, whereas levels of the other 
measured phytohormones were unchanged (Extended Data Fig. 8g). 
Exogenous GA3 partially restored shoot elongation and plant height 
in AS (Extended Data Fig. 8h,i). Together, these results suggest that 
Ah12g032500 influences GA homeostasis in peanut.

Pan-genome guided breeding for superior dwarf peanut lines
To identify superior haplotypes with potential breeding value, we 
analyzed phenotypic data for 25 traits, including key agronomic char-
acteristics such as plant architecture, yield-related attributes and qual-
ity traits, across 555 accessions. Using both SNP- and SV-based GWAS 
within a graph-based pan-genome framework, we identified 221 loci (122 
from the SV-GWAS and 99 from the SNP-GWAS) that were significantly 
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associated with these traits (Fig. 6a, Supplementary Figs. 20–27 and 
Supplementary Table 38). Linkage disequilibrium (LD) analysis showed 
that 107 loci (48.4%) were specific to SVs and 85 (38.5%) to SNPs, with 
only 29 (14 SNP loci and 15 SV loci; 13.1%) colocalizing within the same LD 
blocks (Supplementary Table 38). Notably, approximately 23% of these 
loci overlapped with those reported in previous studies, reinforcing the 
robustness of our GWAS findings. Further analysis of these loci based on 
haplotype–trait associations from GWAS identified 157 superior haplo-
types associated with these traits, of which 83 (52.9%) were attributable to 
SVs and 74 (47.1%) to SNPs; these have potential value for breeding appli-
cations (Supplementary Table 39). Representative loci associated with 
seed size and plant architecture were further examined through func-
tional assays (Supplementary Note 5 and Supplementary Figs. 28–30).

To develop high-yield, dwarf peanut lines with improved agro-
nomic traits, we utilized AS as the genetic background, incorporating 
different subsets of superior haplotypes and population variation 
data. First, from among the identified materials with the same bal-
anced translocations on chr. 02 and 12 as AS, we selected Dabaisha, a 
high-yield Chinese cultivar, as the breeding parent to cross with AS. 
We then performed genotyping analysis on the F2 population from 
Dabaisha × AS, based on the superior haplotype dataset to identify 
individuals with desirable traits. The selected individuals were fur-
ther propagated and advanced through generations (Supplementary 
Note 6). Using marker-assisted selection and phenotype-based selec-
tion, we successfully developed LuAi-1, a line that harbored favorable 
haplotypes for traits including dwarfism, early flowering, larger seed 
size, concentrated pod setting and a higher proportion of three-seed 
pods (Fig. 6b–d). Compared to the control Dabaisha, LuAi-1 exhibited a 
greater hundred pod weight, reduced plant height and fewer branches, 
with no significant differences in hundred seed weight (Fig. 6e,f). Nota-
bly, LuAi-1 had a higher harvest index than the control. In field trials, 
LuAi-1 demonstrated a yield increase ranging from 17.28% to 20.79% 
compared to Dabaisha under high-density planting conditions in 2 
consecutive years (Supplementary Fig. 31). In addition, it exhibited 
a yield increase of 19.34% to 22.90% in large-scale field trials, further 
confirming its superior performance (Fig. 6g). In conclusion, our breed-
ing strategy utilizing the dwarf gene to achieve plant height reduction 
enhances yield potential and sustainability in peanut production.

Discussion
Advances in graph pan-genomes have led to the discovery of hidden 
structural variation in complex genomes, particularly in polyploids25–27. 
By integrating 14 reference-quality genome assemblies representing all 
6 botanical varieties of cultivated peanut, we constructed a graph-based 
pan-genome and genotyped SVs across 2,320 globally representative 
accessions. The graph framework improved population-scale SV detec-
tion, particularly in HE-affected regions that were poorly represented 
by a single linear reference, thereby facilitating the identification of 
trait-associated variants and haplotypes.

In polyploid crops, HEs between subgenomic chromosomes rep-
resent a key mechanism for generating novel genetic variation28. In 
cultivated peanut, the strong concordance between HE-based cluster-
ing and SNP-defined population structure indicates that HE variation is 
nonrandom and may be shaped by population-level evolutionary forces. 
The consistent B-to-A exchange bias further suggests that postpoly-
ploid genome stabilization followed an asymmetric trajectory. Similar 
directional biases have been reported in other allopolyploid crops, 
including wheat28, strawberry29 and Brassica30,31, consistent with asym-
metric subgenome evolution. In peanut, the B subgenome shows distinct 
transposable-element content and DNA methylation profiles relative to 
the A subgenome2,32, suggesting pre-existing regulatory asymmetry that 
may have contributed to preferential retention of B-derived segments. 
The shared B-to-A bias in A. monticola indicates that HE directionality 
predated domestication, whereas domestication and breeding sub-
sequently reshaped the frequencies of specific exchanged segments.

Pan-genome analysis identified an HE-associated SV in AhTFL1 
linked to main-stem flowering, extending previous quantitative 
trait locus mapping and candidate gene studies in peanut21,22. TFL1 
homologs, including Dt1 in soybean and PvTFL1 in common bean, regu-
late stem determinacy and flowering time in legumes33–35. Our findings 
are consistent with a conserved role of TFL1 homologs in legume flow-
ering. In Arabidopsis, TFL1 and FT act antagonistically through shared 
FD/FDP and 14-3-3 partners to regulate floral identity genes, including 
LFY and AP136–39. In cucumber, CsTFL1 competes with CsFT for interac-
tion with CsNOT2a–CsFDP to inhibit determinate growth and terminal 
flower formation40. Peanut seems to use a related but distinct configu-
ration: full-length AhTFL1, a floral repressor, interacted with AhFD, 
whereas flowering-promoting AhTFL1(T) interacted with AhNOT2a. 
Together, these findings support a model in which C-terminal trunca-
tion redirects AhTFL1 partner specificity and converts it into an FT-like 
regulator that promotes main-stem flowering.

Mutations affecting GA metabolism or signaling underpinned 
the green revolution in crops41–43. In peanut, dwarf architecture facili-
tates mechanized, high-density production44,45. Using the peanut 
pan-genome, we identified Ah12g032500 as a candidate gene for dwarf-
ism. Ah12g032500 resides in a 6.0-Mb balanced translocation between 
chromosomes 02 and 12, an SV that has hindered its genetic identifica-
tion and breeding application. The presence of this translocation in 
Fa further indicates that HE-associated rearrangements contribute to 
genomic differentiation among peanut groups. Ah12g032500 encodes 
an LRR-domain protein potentially involved in GA-related regulation. 
Similarly, GA-sensitive wheat dwarfing gene Rht13 encodes an autoactive 
NB-LRR protein46,47, suggesting that LRR-domain proteins may represent a 
previously unrecognized class of regulators of GA-mediated plant height. 
These findings illustrate the utility of pan-genome analysis for gene 
discovery in structurally complex HE regions of allopolyploid genomes.

To translate these findings into breeding, we used AS as the 
genetic background and combined favorable haplotypes associated 
with main-stem flowering, increased seed size and three-seed pods 
through marker-assisted selection. This strategy generated LuAi-1, a 
dwarf high-yield line, thereby demonstrating the practical utility of 
pan-genome-informed breeding for development of peanut germ-
plasm suited to dense planting and mechanized production.
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Methods
Plant materials and sample collection
We selected 10 representative peanut accessions for de novo genome 
assembly, based on phylogenetic relationships of 401 accessions 
(PRJNA1163959; Supplementary Note 1 and Supplementary Fig. 1). 
Tissue samples including leaves, roots, flowers and stems were col-
lected for transcriptomic analysis. For population analysis, we used 
a total of 2,320 accessions of cultivated peanut from 87 countries 
and regions, representing 6 botanical varieties of cultivated peanut. 
Genomic DNA was extracted from fresh seedling leaves collected from 
a single plant per accession. Samples for DNA or RNA extraction were 
immediately frozen in liquid nitrogen and stored at −80 °C. For the 
GWAS, 555 accessions were grown in 2019 and 2020 at the Ningyang 
(116.80° E, 35.77° N) and Jinan (117.12° E, 36.65° N) experimental stations 
of the Shandong Academy of Agricultural Sciences, China. Field trials 
used a randomized block design with two replicates, at least 30 plants 
per plot, 30-cm row spacing and 10-cm plant spacing. Crop manage-
ment followed the China National Peanut Cultivar Field Test protocol. 
Twenty-five traits were measured in at least six plants per accession, 
and accession means were used for analysis.

Genome assembly
For de novo genome assembly, we assembled HiFi reads to obtain a 
preliminary assembly based on the Highly Accurate Single-Molecule 
Consensus Reads using Hifiasm (v.0.14.2-r375)48 with default param-
eters. Subsequently, Hi-C data were mapped to the assembled contigs 
using Juicer (v.1.6)49. The mapped valid reads were input to the 3D-DNA 
pipeline50 for grouping, ordering and orientating of the contigs. For 
genome gap filling, the ONT reads were assembled using NextDenovo51 
(self-corrected parameters: -reads_cutoff 5k -seed_depth 45 -seed_cut-
off auto; and default assembly parameters). The assembled contigs 
were aligned with the genome sequences using the unimap software 
(v.0.1-r46-dirty; https://github.com/lh3/unimap) to search for contigs 
that could cross the gap. The searched contigs were then used to fill 
the gap. Moreover, we used ONT reads to close the gap sequence of the 
genome by LR_Gapcloser52 with parameters -s n -r 2. Finally, we used the 
filtered clean second-generation data to polish the gap-filled genome 
using NextPolish for three rounds53.

Gene prediction and TE annotation
To annotate TEs and predict genes, we first constructed a de novo 
repeat library using the Extensive de novo TE Annotator (v.2.1.3)54, 
employing parameters --sensitive 1 --anno 1. TEs were subsequently 
identified using RepeatMasker (v.4.07, http://repeatmasker.org/) with 
the option -no_is.

For protein-coding gene annotation, the protein sequences 
of Glycine max, Arabidopsis thaliana, Vitis vinifera, A. duranensis,  
A. ipaensis, Arachis hypogaea cultivar Tifrunner and A. monticola from 
Phytozome (https://phytozome.jgi.doe.gov) and PeanutBase (https://
www.peanutbase.org/data/public) were used as homologous protein 
evidence. Transcriptome evidence was generated in this study from 
RNA-seq datasets for each accession, encompassing root, stem, leaf, 
flower and seed tissues. The RNA-seq reads were mapped to the cor-
responding genome using HISAT2 (v.2.1.0)55. Full-length transcript 
sequences were then assembled with StringTie2 (v.2.1.7)56 using default 
parameters, and these assembled transcripts were subsequently uti-
lized as transcriptomic evidence. Program to Assemble Spliced Align-
ments (PASA) v.2.4.157 was used to annotate the genomic structure 
based on transcript evidence with default parameters.

The MAKER2 pipeline (v.2.31.11)58 was used to integrate ab initio 
predictions, homology-based predictions and transcriptome evidence. 
In brief, the following steps were performed: (1) RepeatMasker (v.4.07) 
was used to mask repetitive regions in the genome assembly before 
gene prediction; (2) ab initio gene prediction was carried out using 
AUGUSTUS (v.3.4.0)59; (3) BLASTN was used to align the transcript 

evidence to the repeat-masked genome, BLASTX to align the homolo-
gous protein evidence to the genome and Exonerate (v.2.2.0)60 to 
realign the BLAST hits to the genome; and (4) the predicted gene mod-
els were integrated using MAKER2 based on hints obtained from the 
above alignments.

We then used EvidenceModeler v.1.1.157 to integrate the results 
from MAKER2 and PASA and generate nonredundant annotations. 
To ensure exclusion of TE coding regions, TE protein domains were 
identified using TEsorter61 and removed during the EvidenceModeler 
integration. Finally, PASA was used to generate information about 
untranslated regions and alternative splicing in final gene models.

For functional annotation, the predicted gene models were 
annotated using EggNOG-mapper (v.1.0.3)62 based on the EggNOG 
database. In addition, protein-coding regions were aligned to pub-
lic databases, including NR (https://ftp.ncbi.nlm.nih.gov/blast/db/
FASTA/) and TrEMBL (https://www.ebi.ac.uk/uniprot), using DIAMOND 
(v.0.9.24.125)63 with an E-value threshold of ≤1.0 × 10−5.

Genome quality evaluation
The quality of the 10 genome assemblies was assessed by the following 
methods. Short (pair-end) reads were remapped to the final assembled 
genome to assess completeness using BWA-MEM (v.0.7.17)64. HiFi and 
ONT long reads were aligned to the genome assemblies using minimap2 
(v.2.21-r1071)65 to validate the accuracy of genome assemblies. Align-
ment metrics, including mapping rates and coverage, were calculated 
to assess the assembly quality and accuracy. BUSCO66 v.5.5.0 with the 
embryophyta_odb10 gene set was further used to assess the complete-
ness of the assembled genome. The LTR assembly index was used to 
evaluate assembly continuity based on full-length LTR retrotranspo-
sons using LTR_retriever (v.3.0.1)67. K-mer-based completeness, quality 
and false duplication evaluation were performed with Merqury (v.1.3)68.

Gene-based pan-genomic analysis
The ten newly assembled genomes and four previously published 
genomes (Tifrunner2, Shitouqi9, Kaust10 and BaileyII11) were used to 
construct the gene-based pan-genome. To normalize the gene predic-
tions across the 14 A. hypogaea genomes, we adjusted their annotation 
results using a cross-mapping method, following strategies reported 
previously26,27. First, we performed pairwise collinearity analysis for 
the 14 assemblies using MCScanX69 with default parameters to guide 
construction of a unified gene set. We then used the Tifrunner genes as 
the initial reference set and incrementally incorporated genes from the 
other 13 assemblies. A gene was added to the set only if it did not have 
a collinear counterpart in the gene set generated in the previous step. 
This iterative process continued until all genes from the 13 assemblies 
had been included. Subsequently, we remapped all genes from this uni-
fied gene set to the 14 assemblies using GMAP70 with the following spe-
cific parameters: --format=gff3_gene -n 10 --min-trimmed-coverage = 
90 --min-identity=90. Gene models identified through remapping that 
did not overlap with any existing gene models were incorporated into 
the individual genome annotations. To avoid inflation of private gene 
numbers due to misannotations in individual de novo genome assem-
blies, we filtered the gene set using BLASTP against protein datasets 
from A. duranensis, A. ipaensis, Vigna radiata, G. max, Lotus cornicula-
tus, Medicago truncatula, Oryza sativa, and A. thaliana (downloaded 
from Phytozome, https://phytozome.jgi.doe.gov), with an e-value 
cutoff of 1 × 10−10. Genes were retained only if they showed significant 
similarity to at least one reference protein, with similarity thresholds 
of >90% for ancestral Arachis, >70% for Fabaceae relatives and >60% 
for distant angiosperm models (O. sativa and A. thaliana).

The adjusted protein sequences in each peanut genome were clus-
tered into gene families using orthofinder (v.2.5.5)71 with the following 
parameters: -t 60 -a 60 -M msa -T iqtree -ot. The resulting gene families 
were classified into core, softcore, dispensable and private categories 
according to their presence in each peanut genome. A gene family was 
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defined as a core gene family if it was present in all 14 genomes, as a 
softcore gene family if it was present in 13 genomes, as a dispensable 
gene family if it was present in 2–12 genomes or as a private gene family 
if it was present in 1 genome. The ratio of nonsynonymous/synonymous 
substitution (Ka/Ks) was calculated using ParaAT.pl (v.2.0)72 with the 
following parameters: -p proc -g -k -f axt. The ParaAT.pl program was 
based on KaKs_Calculator (v.2.0)73.

Identification of genetic variants
Genetic variants were identified using minimap265 and SyRI (v.1.5.4)74. 
SNPs, small indels (≤50 bp), PAVs (>50 bp), inversions and translo-
cations were detected by alignment of the chromosomes of the 13 
genomes to the A. hypogaea Tifrunner v.2 reference genome. Chromo-
some alignments were performed using minimap2 with parameters 
-ax asm5 --eqx, followed by SyRI analysis with parameters -k -F B for 
detection of SVs.

For CNVs, the chromosomes of the 13 genomes were first aligned 
to the Tifrunner v.2 genome using nucmer (MUMmer v.4.0.0rc1)75 with 
default parameters. CNVs were then identified based on the resulting 
alignments using SVMU76. SNPs and small indels identified across the 
13 genomes were merged using vcf-merge from VCFtools (v.0.1.17)77. 
Given the identified PAVs, inversions, translocations and CNVs, the 
SURVIVOR (v.1.0.7)78 tool was used with merging parameters 50 1 0 
0 0 0 to obtain nonredundant SVs. Syntenic alignments, inversions, 
translocations and duplications were visualized using plotsr (v.1.1.1)79 
with the following parameters: --sr -W 8 -H 4.

Graph-based pan-genome construction
To better explore the peanut genomic variations, we constructed a 
graph-based pan-genome using vg toolkit (v.1.49.0)80. The reference 
sequences of Tifrunner, merged SNPs, insertions, deletions, inver-
sions, translocations and CNVs were constructed into a pan-genome 
using vg with the following parameters: construct -a -f -S. The xg index 
and dist index were generated using vg index with parameters -x and 
-j, respectively. The gbwt index was generated using vg gbwt with 
parameters -g -x -P, and the min index was built using vg minimizer 
with parameters -g -d.

Variant calling of 2,320 accessions
For SNP and small indel calling, low-quality sequencing reads from the 
2,320 accessions were removed using fastp (v.0.23.0)81 with default 
parameters. The filtered reads were then aligned to the constructed 
pan-genome using vg giraffe82 with parameters -o bam -p -b fast -m 
-d --gbwt-name -x, to produce alignments in BAM format. The BAM 
files were subsequently sorted and indexed using SAMtools sort and 
SAMtools index83 with default settings. Small-variant discovery was 
performed using the Genome Analysis Toolkit (GATK) HaplotypeCaller 
(v.4.4.0.0)84; this generated individual GVCF files for each of the 2,320 
accessions. These GVCF files were then combined into a single VCF 
file using GATK CombineGVCFs with default parameters. Genotyp-
ing was carried out using GATK GenotypeGVCFs to produce the final 
small-variant set. The VCF files from all 2,320 accessions were merged 
into a single VCF file for downstream analysis.

To identify structural variation in the 2,320 accessions, we mapped 
filtered short reads to the graph-based reference genome and gen-
otyped SVs using vg giraffe82 with parameters -o gaf -p -b fast -m -d 
--gbwt-name -x to generate alignments in GAF format. The pack file 
was generated using vg pack with parameters -x -a -Q 5, and the final 
SV results in vcf format were generated using vg call with parameters 
-r -k -a -A.

Population analysis
We first filtered the raw SNPs using GATK Variant Filtration with 
parameters QD < 2.0 || MQ < 40.0 || FS > 60.0 || SOR > 3.0 || MQRank-
Sum < −12.5 || ReadPosRankSum < −8.0 to remove low-quality variants.  

The remaining variants were further filtered using PLINK (v.1.90p)85  
with parameters --indep-pairwise 1000 100 0.2. A 1 − identity-by- 
state genetic distance matrix was then calculated with PLINK using 
parameter --distance 1-ibs. Based on this genetic distance matrix, we 
constructed a neighbor-joining phylogenetic tree of 2,320 accessions 
using PHYLIP (v.3.69, https://phylipweb.github.io/phylip/). The result-
ing Newick tree was visualized using FigTree (v.1.4.3, https://github.
com/rambaut/figtree). In addition, principal component analysis was 
performed using PLINK with parameter --pca.

To analyze population structure, we filtered the raw SNPs using 
VCFtools (v.0.1.17)77 with parameters --maf 0.05 --max-missing 0.8. The 
filtered variants were then annotated using SnpEff (v.5.0)86, and 12,816 
4DTv sites were extracted from the annotated results. A BED format file 
was generated using PLINK with parameters --indep-pairwise 500 50 
0.1 --make-bed --allow-extra-chr. The population structure informa-
tion was evaluated using ADMIXTURE (v.1.3.0)87 based on 12,816 4DTv 
sites and plotted with Evolview v.288 (https://www.evolgenius.info/
evolview-v2/#login). To identify the best genetic cluster, K, we tested K 
values from 2 to 10 with 1,000 iterations for each run. K = 5 was chosen 
as the optimal value. To assess genetic diversity and population differ-
entiation, we calculated FST and nucleotide diversity (π) values using 
VCFtools (v.0.1.17)77 based on SNPs that had been filtered using GATK 
hard-filtering (v.4.4.0.0)84. The window size and step size were not set 
for the evaluation of FST, whereas π was calculated using parameters 
--window-pi 10000 --window-pi-step 5000.

Case–control GWAS analysis
We implemented a case–control GWAS to identify SVs associated 
with distinct morphotypes of the two subspecies of cultivated peanut  
(A. hypogaea)89. Specifically, accessions from ssp. hypogaea were 
assigned a score of 1 (case group), and those from ssp. fastigiata were 
assigned a score of 0 (control group). This binary scoring approach was 
used to capture the phenotypic divergence between the two subspecies. 
We analyzed PAVs, which represent a major class of structural variation, 
to identify associations between genotypic variations and phenotypic 
divergence. Statistical significance was tested using two-sided Fisher’s 
exact test and adjusted with Bonferroni correction. PAVs demonstrating 
significant associations were further annotated using BEDTools90; this 
enabled precise identification of candidate genes potentially driving 
the observed phenotypic differences between subspecies.

Detection of HE
To assess HE genes, we analyzed the mapping depth of resequenced 
reads across 17,373 high-confidence homoeologous gene pairs from 
A. duranensis V14167 (A genome) and A. ipaensis K30076 (B genome), 
according to previous publications1,2. Briefly, after quality filtering, 
the resequencing data for each accession were aligned to the com-
bined chromosomal pseudomolecule sequences of A genome and 
B genome using BWA-MEM (v.0.7.17)64 with default parameters. The 
mean mapping depth of each gene was calculated using SAMtools 
coverage (v.1.11)83 with default parameters. We determined the HE value 
for each gene pair by calculating the log2 ratio of the mapping depth 
of the gene in the A genome to that of the corresponding gene in the 
B genome. A homoeologous gene pair was classified as an HE gene if 
the absolute value of the HE ratio exceeded 1.5. Specifically, a positive 
HE value indicated a preference for the A genome (AAAA), whereas 
a negative value indicated a preference for the B genome (BBBB). To 
mitigate potential bias introduced by local gene duplication or loss, 
we cross-verified HE values deviating from zero against the mapping 
depth of both homoeologous genes following the approach of Wang 
et al.31. An HE value was maintained if the mean mapping depth of 1 
homoeologous gene exceeded 1.5 times the overall read depth in the 
accession and simultaneously that of the other gene was less than 0.525 
times the overall read depth. Otherwise, the HE value was reset to zero 
(Supplementary Fig. 32).
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To assess the HE regions in each accession, we merged adjacent 
or closely located HE genes with intergenic distances of less than 1 Mb 
into a single HE region. For each merged region, we recorded the start-
ing position of the first HE gene and the ending position of the last HE 
gene to establish the boundaries. Isolated HE genes that exceeded the 
distance threshold were treated as separate HE regions. The length of 
each HE region was calculated as the difference between its start and 
end positions, corresponding to the genomic locations of the respec-
tive genes. Finally, we summarized the total number of HE regions, 
their cumulative lengths and their distribution across the genome for 
further analysis.

To evaluate HE at the group level, we first calculated a group-level 
mean HE value for each homoeologous gene pair, defined as the aver-
age log2(A/B) across all accessions within each group (PA, HH, Vu and 
Fa). Homoeologous gene pairs with group-level absolute mean HE > 1.5 
were classified as group-level HE genes. Homoeologous gene pairs 
exceeding this threshold in all four groups were defined as shared HE 
genes, whereas those exceeding the threshold in only one group were 
designated group-specific HE genes.

To identify HE in A. monticola, we obtained eight publicly available 
resequencing datasets from a previous study12. Using the approach 
described above, we calculated HE values for each homoeologous 
gene pair in each individual. The HE values were then averaged across 
the eight samples to obtain a final group-level HE value for each gene 
pair. Subsequent analyses of HE events and HE regions were performed 
following the procedures applied to cultivated peanut accessions.

Generation of transgenic plants
The coding sequences of AhTFL1, AhTFL1(T), AhBFT-1, AhMFT and 
AhFT-1 were cloned into the pHB vector91. Transgenic plants were 
then created using the floral-dip method92. The homozygous lines 
of transgenic plants at T3 generation were used for analysis in this 
study. Information about the primers used in this study is included in 
Supplementary Table 40.

Yeast two-hybrid assays
Yeast two-hybrid assays were conducted using the Matchmaker Gold 
Two-Hybrid System (Clontech) following the manufacturer’s proto-
col. The coding sequences of AhTFL1, AhTFL1(T), AhBFT-1, AhMFT and 
AhFT-1 were cloned into the pGBKT7 vector, whereas those of AhFD 
and AhNOT2a were cloned into the pGADT7 vector. Protein–protein 
interactions were assessed by cotransformation of the bait and prey 
plasmids into yeast strain Y2HGold. Yeast colonies were then grown 
on selective media (SD/−Leu/−Trp/−His and SD/−Leu/−Trp/−His/−Ade) 
and incubated at 30 °C for 5 days for evaluation of interaction strength.

Split-luciferase complementation assay
The coding sequences of AhTFL1, AhTFL1(T), AhBFT-1, AhMFT and 
AhFT-1 were cloned into pCambia1300-35S-NLuc, whereas those of 
AhFD and AhNOT2a were cloned into pCambia1300-35S-CLuc. The 
constructs were introduced into Agrobacterium tumefaciens GV3101 
and coinfiltrated into young, fully expanded leaves at a final optical 
density at 600 nm of 1.0 in infiltration buffer containing 10 mM MES 
(pH 5.6), 10 mM MgCl2 and 150 μM acetosyringone93. After incubation 
for 3 days at 28 °C under a 16-h light/8-h dark photoperiod, luciferase 
signals were imaged using a NightOWL II LB 983 low-light cooled CCD 
imaging system.

Positional cloning
To identify the gene responsible for the dwarf trait in AS, we developed 
an F2 segregating population from crosses between AS and DL135, which 
have the same balanced translocation in the target gene region. For fine 
mapping, indel and SNP markers were developed in the 3.0–5.0 Mb 
region on chr. A02 based on resequencing data from the parental 
lines. Using 6 markers within this interval and 267 recessive F2 plants 

exhibiting the typical dwarf phenotype, we successfully narrowed the 
locus down to a region of ~100 kb between two SNP markers, AD.SNP7 
and AD.SNP8. Comparison of the 100-kb region between AS and 
DL135 revealed 23 variant sites; only 6 adjacent variants were located 
within the gene Ah12g032500, which encodes a leucine-rich repeat 
domain protein, with the others located in intergenic regions. These 
variants resulted in amino acid changes, confirming Ah12g032500 
as the target gene responsible for the dwarf phenotype. Detailed 
information for all markers used in the fine mapping is provided in 
Supplementary Table 40.

SNP-based and SV-based GWAS
GWAS for 25 traits were performed separately using 1,356,521 SNPs and 
18,542 SVs in the rMVP software package (1.0.8)94, employing a mixed 
linear model95 to account for population structure and kinship. Variants 
were filtered for minor allele frequency ≥ 0.05 and missingness ≤ 0.8 
for SNPs or missingness ≤ 0.5 for SVs. Genome-wide significance was 
determined using Bonferroni correction (P < 0.05/n, where n is the 
number of tested variants). Significant variants from SNP-GWAS were 
functionally annotated using SnpEff (v.5.0)86, whereas significant SVs 
were annotated using BEDTools90 intersect, with parameters ‘-a -b 
-wa -wb’ applied for genomic overlap analysis. LD blocks were calcu-
lated using PLINK (v.1.90p)85 with parameters ‘--blocks no-pheno-req 
--blocks-max-kb 600’. SNP and SV lead variants were considered to 
represent the same locus when they occurred within the same LD block.

Identification of superior haplotypes
Superior genotypes were defined based on haplotype-level phenotypic 
performance for specific traits as previously described96. For haplo-
type analysis, we filtered the significant SNPs and/or SVs associated 
with 25 agronomic traits based on the following criteria: (i) minor 
allele frequency > 0.1; and (ii) proportion of missing calls per SNP 
and/or SV < 30%. The haplotypes within trait-associated loci were 
examined, and only homozygous genotypes were included in the 
subsequent analysis.

For the haplo-phenotype analysis, accessions were categorized 
based on their haplotype groups. Superior haplotypes were defined 
as those associated with the most favorable phenotypic traits (for 
example, higher 100-pod weight, 100-seed weight and seed number 
per pod). Specifically, haplotype-wise mean values for each trait were 
calculated by integrating the phenotypic data, and Duncan’s multiple 
range test was used to assess statistical significance.

Development and yield evaluation of LuAi-1
LuAi-1 was developed at Jinan, China (117.12° E, 36.65° N), from a cross 
between Dabaisha and AS. Approximately 200 dwarf F2 plants were 
phenotyped and genotyped, and 40 individuals with favorable agro-
nomic traits were selected and selfed through the F5 generation. Two 
phenotypically uniform lines were selected to establish LuAi-1. Yield 
trials were conducted from May to September in 2023 and 2024 at 
Ningyang and Jinan using a randomized complete block design with 
three replicates and 15-m2 plots. Large-scale trials were conducted at  
Ningyang from May to September 2024 and at Sanya (109.30° E, 
18.15° N) from October 2024 to February 2025, with three replicates 
and 666.7-m2 plots. Dabaisha was used as the control. Seeds were 
precision-sown at a target planting density of 300,000 plants per hec-
tare, and standard agronomic practices were applied uniformly across 
treatments. At maturity, hundred pod weight, hundred seed weight, 
seed length and width, shelling percentage, plant height, branch num-
ber and harvest index were measured. Dry pod yield was recorded per 
plot and converted to yield per hectare.

Statistics
Statistical analyses were performed in R (v.4.2.1). Two-sided Student’s 
t-test was used for comparisons between two groups when data met the 
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assumptions of normality; otherwise, two-sided Wilcoxon rank-sum 
test was applied. One-way analysis of variance, as appropriate, was 
followed by Tukey’s multiple-comparison test using the agricolae 
package in R. Case–control GWAS were performed using two-sided 
Fisher’s exact test. Two-sided Pearson’s chi-squared tests were used 
to compare frequencies of categorical variables among population 
groups. Exact statistical tests, sample sizes and P values are provided 
in the corresponding figure legends or source data, where applicable.

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

Data availability
The genome assemblies of the 10 cultivated peanut accessions have 
been deposited at the National Genomics Data Center (NGDC) under 
accession PRJCA070711. The corresponding HiFi, ONT and Hi-C 
sequencing data have been deposited at NCBI under BioProjects 
PRJNA1170232, PRJNA1169541 and PRJNA1170953, respectively. Tran-
scriptome data from different tissues of the 10 accessions of cultivated 
peanut can be found under BioProject PRJNA1167437. The results of the 
whole-genome sequencing of 2,320 accessions have been deposited 
at NCBI under BioProjects PRJNA1163959 and PRJNA1071845. Source 
data are provided with this paper.

Code availability
The code used in this project is available via GitHub at https://
github.com/lrcchina/Peanut-pangenome and Zenodo at https://doi.
org/10.5281/zenodo.13906381 (ref. 97).
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Extended Data Fig. 1 | Pan-genome analysis of 14 genomes. a, Number of core, 
softcore, dispensable and private genes across the 14 genomes. b, Comparison 
of Ka/Ks values of core, softcore, dispensable, and private genes. c, Expressions 
of core, softcore, dispensable and private genes across 14 accessions. For b and 
c, the same gene sets were analyzed: core genes, n = 48,948; softcore genes, 
n = 6,427; dispensable genes, n = 31,541; and private genes, n = 1,817. Statistical 

significance was assessed using a Kruskal–Wallis rank-sum test followed by 
Dunn’s multiple-comparisons test with Benjamini–Hochberg adjustment. Boxes 
show the median and interquartile range, and whiskers extend to 1.5 times the 
interquartile range. d, KEGG pathway enrichment analysis of core genes (left) and 
dispensable genes (right). P values were false discovery rate (FDR)-adjusted.
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Extended Data Fig. 2 | Impact of structural variants (SVs) and presence-
absence variants (PAVs) on gene. a, Percentage of different types of structural 
variants (SVs) identified across 14 genomes (deletions = 21,015, insertions = 21,534,  
copy number variations = 887, inversions = 328 and translocations = 309).  
b, Presence-absence variants (PAVs) are predominantly located in intergenic 
regions (71%), with 16% in intragenic regions, 9% upstream, and 4% downstream 
of genes. c, Fold change in gene expression between accessions with and 

without PAVs in the coding region, intron, 2 kb upstream of the start codon, and 
1 kb downstream of the stop codon of protein-coding genes in both root and 
shoot tissues. Statistical significance was assessed using a two-sided Pearson’s 
chi-squared test. d, Proportion of TE-derived and non-TE PAVs in the peanut 
genomes. e, Percentage of TE and non-TE PAVs in intergenic and intragenic 
regions. f, Distribution of TE PAVs and non-TE PAVs across accessions.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Population structure, population divergence, gene  
flow, and structural variant (SV) number analysis across different groups. 
 a, Population structure analysis using the STRUCTURE algorithm for K = 2–5. 
Each vertical bar represents a single accession, and the color proportions within 
the bar correspond to its genetic ancestry from different clusters. b, Population 
divergence (FST) and nucleotide diversity (π) among four groups (PA, HH, Vu, and 
Fa). c, Gene flow among different peanut populations. Branch lengths are scaled 
to genetic drift. Colored arrows indicate the direction of gene flow, with the color 
gradient representing the estimated migration weight. d, Signal of introgression 
estimated by the f-branch (fb) statistic. The heatmap displays fb values calculated 
via Dsuite. Darker colors indicate stronger evidence of gene flow between 

peanut populations (y-axis) and target taxa (x-axis). e, Integration of major QTL 
mapping for seed number per pod and Fa to PA introgression signals on Chr.05. 
Green boxes indicate QTLs associated with NSP (number of seeds per pod), and 
black boxes indicate QTLs associated with N3PP (number of three-seeded pods 
per plant). Previously reported QTLs were obtained from ref. 13 and re-plotted 
for comparison. Markers highlighted in red represent the linkage markers 
closest to the peak position of the major QTL. Dashed lines connect the major 
QTL region with overlapping introgressed intervals. f, Genomic variation of two 
subspecies differentiation genes, Ah09g143300 (PhyA), and Ah08g34600 (DAG1) 
in representative accessions.
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Extended Data Fig. 4 | Characteristics of shared and group-specific HE genes 
across different groups. a, GO term enrichment analysis of shared and specific 
HE genes. The bar plot shows the top 10 enriched GO terms for shared (red) and 
specific (blue) HE genes. GO term enrichment was assessed using a one-sided 
Fisher’s exact test. P values were not adjusted for multiple comparisons. Bar 
lengths represent -log10(P). b, Heatmap of the distribution of group-specific HE 
genes across different cultivated peanut groups (PA, HH, Fa, Vu) on the A. ipaensis 
chromosomes. The color intensity represents the number of group-specific HEs 
identified. c, The number of shared and population-specific HE events across 
cultivated peanut populations and Arachis monticola. d, Comparison of HE event 

counts between A to B and B to A directions in A. monticola. e, Comparison of HE 
regions lengths (Mb) between A-to-B and B-to-A directions in A. monticola. For 
d and e, n = 8 accessions per group. Boxes show the median and interquartile 
range, and whiskers extend to 1.5 times the interquartile range. f, Heatmap 
of the population frequencies of group-specific HE genes among 586 peanut 
accessions, including improved cultivars, breeding materials, and landraces. 
Frequencies are expressed as percentages within each population group. 
Differences in frequency among population groups were assessed using a two-
sided Pearson’s chi-squared test. Asterisks indicate significant differences based 
on unadjusted P values (P < 0.01).
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Functional analysis of AhTFL1 and its role in flower 
development. a, Manhattan plot of SV-GWAS. A significant association signal is 
identified on chr. 12, marked by the dotted red line. The horizontal red dashed 
line indicates the Bonferroni-adjusted genome-wide significance threshold 
(P = 5.53 × 10−7). b, Diagram of the AhTFL1 gene structure comparing Ref 
(Tifrunner) and Alt (Shitouqi). The Alt allele has a 1,489 bp deletion. The orange 
boxes represent exons, and the sequence alignment between the two alleles 
shows key differences in the nucleotide sequence. c, Phylogenetic tree of TFL1 
homologs. AhTFL1 is closely related to TFL1 genes, but AhTFL1 (T) is closer to FT 

in other plant species. d, Flowering time and rosette leaf number in Arabidopsis 
lines overexpressing AhTFL1 or AhTFL1(T). Scale bar, 10 cm. Data are presented 
as mean ± s.d. (n = 24 biologically independent samples). Statistical significance 
was assessed using a two-sided Student’s t-test. e, Flower morphology of 
transgenic Arabidopsis lines overexpressing AhTFL1 or AhTFL1(T). f, Plant height 
of AhTFL1-overexpressing lines and Col-0. Scale bar, 20 cm. Data are presented 
as mean ± s.d. (n = 24 biologically independent samples). Statistical significance 
was assessed using a two-sided Student’s t-test.
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Extended Data Fig. 6 | Phylogenetic analysis and functional characterization 
of AhTFL. a, Phylogenetic tree of FT/TFL family genes in peanut and their 
homologues in Arabidopsis. Bootstrap support values are indicated on branches. 
b, Functional analysis of 35S:AhFT-1, 35S:AhMFT-1 and 35S:AhBFT-1 transgenic 
Arabidopsis plants. Scale bar, 1 cm. Data are presented as mean ± s.d. (n = 12 
biologically independent samples). Statistical significance was assessed using 
a two-sided Student’s t-test. c, Yeast two-hybrid assay showing interactions of 

AhFT, AhMFT-1 and AhBFT proteins with other flowering regulators in peanuts. 
Yeast was grown on SD/-Leu/-Trp/-His (-L-W-H) and SD/-Leu/-Trp/-His/-Ade 
(-L-W-H-A) media to assess protein-protein interactions. d, The split-luciferase 
complementation (Split-LUC) imaging assay in Nicotiana benthamiana leaf cells 
confirms interactions between AhFT, AhMFT-1 and AhBFT proteins with other 
flowering regulators. In c and d, representative images from three independent 
experiments with similar results are shown.

http://www.nature.com/naturegenetics


Nature Genetics

Article https://doi.org/10.1038/s41588-026-02765-x

Extended Data Fig. 7 | Abnormal genetic recombination in the hybrid 
population of Tifrunner and AS. a, ΔSNP index analysis on F2 population using 
AS and Tifrunner as parents. The ΔSNP index was calculated to identify genomic 
regions associated with dwarf phenotypes. A significant peak is observed on 
chr. 02 in the 3–5 Mb region. b, Abnormal and normal recombination rate from 
0 to 6.0 Mb on chr. 02. c, Schematic representation of the abnormal hybrid 

recombination between Tifrunner and AS, due to the translocation at dwarf 
gene region. d, Synteny analysis of chr. 1–20 between Tifrunner and three 
representative accessions (AS, DL135, and Kaust). The most prominent balanced 
reciprocal translocation between chr. 02 and 12 was observed in AS, DL135 and 
Kaust compared to Tifrunner.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Genotypic and phenotypic analysis of DL156, and  
GA-related analysis in AS plants. a, Verification of the 47.31 kb deletion in DL156 
using resequencing data. b, Morphology of DL156 at 50 days post-germination. 
Scale bar, 10 cm. c, Comparison of plant height and internode length between  
AS and DL156 at 90 days post-germination. Data are presented as mean ± s.d. 
(n = 15 biologically independent plants per variety). d, Phenotypic comparison 
of TRV-00 (empty vector control) and two independent TRV-Ah12g032500 
silencing lines. Scale bar, 10 cm. e, qRT-PCR analysis showing the relative 
expression levels of Ah12g032500 in the TRV-00 and two silenced lines. Data are 
presented as means ± s.d. from three biological replicates. f, Comparison of plant 
height and internode length between TRV-00 and TRV-Ah12g032500 silencing  

lines. Data are presented as mean ± s.d. (n = 6 biologically independent samples 
for plant height; n = 12 biologically independent samples for internode length).  
g, Gibberellin contents in WT and AS seedlings. N/A, not detected. Data  
are presented as mean ± s.d. (n = 3 biologically independent samples).  
h, Growth of WT and AS seedlings in response to exogenous GA3. Three-week-old 
hydroponically cultured seedlings were treated with 10 mg GA3 for 7 d. Scale 
bar, 20 cm. i, Plant height and internode length of WT and AS seedlings after GA3 
treatment. Data are presented as mean ± s.d. (n = 15 biologically independent 
samples). For c, e, f and g, statistical significance was determined by two-
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determined by one-way ANOVA followed by Tukey’s test; P < 0.05.
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
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Data collection Data were sequenced from PacBio, Nanopore, lllumina and BGI platform.

Data analysis We used publicly available and appropriately cited software as described. No commercial software or code was used in this study. Software 
are listed as follows: GUPPY software (v0.3.0); Juicer (v1.6); Hifiasm (v0.16.1-r375); unimap software (v0.1-r46-dirty); LR_Gapcloser; Extensive 
de-novo TE Annotator (EDTA) (v2.1.3); RepeatMasker (v4.07); MAKER2 pipeline (v2.31.11); AUGUSTUS (v3.4.0); HISAT2 (v2.1.0); StringTie2 
(v2.1.7);featureCounts (v.2.0.6); Program to Assemble Spliced Alignments (PASA) (v2.4.1); EvidenceModeler (EVM) (v1.1.1); EggNOG-mapper 
(v1.0.3); DIAMOND (v0.9.24.125); BWA-MEM (v0.7.17); BUSCO (v2.0); LTR_retriever (v.3.0.1); Merqury (v.1.3); HiC-Pro (v2.9.0); HiCPlotter 
(v0.8.1); OrthoFinder (v2.5.5); KaKs_Calculator (v2.0); MUMmer toolkit (v4.0.0rc1); SyRI (v1.5.4); VCFtools (v0.1.17); SURVIVOR (v1.0.7); plotsr 
(v1.1.1); BEDTools (v2.31.0); FastTree (v2.1.11);MCScanX; GMAP; vg toolkit (v1.49.0); PLINK (v1.90p); PHYLIP (v3.69); FigTree (v1.4.3); 
ADMIXTURE (v1.3.0); fastsimcoal2 (v2.6.0.3-14.10.17); BWA-MEM (v0.7.17); samtools coverage (v1.11); fastp (v0.23.0); Genome Analysis 
Toolkit (GATK) HaplotypeCaller (v4.4.0.0); SnpEff (v5.0e); rMVP software package(v1.0.8); TreeMix (v1.13);  vcf2phylip.py (https://github.com/
edgardomortiz/vcf2phylip); QTL‐seq (https://github.com/omicsclass/QTL-seq); Dsuite software. ABBABABAwindows.py (no versions, https://
github.com/simonhmartin/genomics_general); Primer3.0 (https://primer3.ut.ee/).  
The codes used in this project were available at GitHub https://github.com/lrcchina/Peanut-pangenome and Zenodo (https://
doi.org/10.5281/zenodo.13906381). 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The genome sequencing and assembly data of 10 accessions of cultivated peanut have been deposited at National Center for Biotechnology Information under the 
BioProject PRJNA1168101, PRJNA1170232, PRJNA1169541, PRJNA1170953. Transcriptome data from different tissues of 10 accessions of cultivated peanut can be 
found under the BioProject PRJNA1167437. The whole-genome sequencing of 2,320 accessions has been deposited at NCBI under the BioProject PRJNA1163959 
and PRJNA1071845. RNA-seq data from 22 different tissues as well as various abiotic stresses in cultivated peanut were downloaded from NCBI under BioProject 
PRJNA291488 and BioProject PRJNA553073. Source data are provided with this paper.

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Not applicable.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

Not applicable.

Population characteristics Not applicable.

Recruitment Not applicable.

Ethics oversight Not applicable.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. 14 representative peanut accessions were used for pan-genome construction. 
These accessions were selected based on their phylogenetic relationship and represented genetic diversity in the peanut germplasm. The 
sample size of 2,320 peanut accessions for resequencing were chosen from 87 countries and regions, including 1,500 core germplasm 
accessions from ICRISAT, 767 from the USDA Peanut Germplasm Resource Collection, and others, representing six botanical varieties of 
cultivated peanut.

Data exclusions No data were excluded from the analysis.

Replication Independent replication was performed where appropriate for each experiment. The number of independent experiments or biological 
replicates is specified in the corresponding figure legends and Methods. 

Randomization For trait evaluation, we randomly sampled six plants out of 50 plants per accession in the field. For DNA extractions, we randomly sampled 1 
plant out of 50 plants in the field.

Blinding Blinding was not performed because the study involved predefined plant materials, breeding populations and computational analyses, for 
which blinding was not applicable. 
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Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes

Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Novel plant genotypes Transgenic plants were then created using the Agrobacterium-mediated floral-dip method. The virus-induced gene silencing (VIGS) 
system based on the tobacco rattle virus (TRV) methodology. Two or three homozygous lines of transgenic plants at T3 generation 
were used for analysis in this study.

Seed stocks All 2,320 accessions used stocked in the open germplasm stocks of the International Crops Research Institute for the Semi-Arid 
Tropics  in India, the United States Department of Agriculture, and Shandong Academy of Agricultural Sciences in China.

Authentication The transgenic Arabidopsis plants were authenticated by PCR amplification and DNA sequencing methods. The efficiency of virus-
induced gene silencing (VIGS) was verified by qRT–PCR analysis of target gene expression levels.
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