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Auxin/Indole-3-Acetic Acid domain (AUX/IAA, PF02309) (Fig. 8c and 
Supplementary Fig. 20a). This loss is significantly correlated with vari-
ations in seed length and 100-seed weight (Fig. 8d and Supplementary 
Table 15). Molecular markers have been developed based on this SV 
to differentiate between the HapI and HapII haplotypes (Supplemen-
tary Fig. 20b). The AhARF2-2 gene was highly expressed in the seed 
and its expression was substantially higher in HapII accessions than 
in HapI accessions (Fig. 8e). Furthermore, after exogenous applica-
tion of 1-naphthalene acetic acid (NAA) at the seedling stage, HapI 
accessions showed a significant upregulated response compared with 
HapII accessions (Fig. 8f). Further analysis indicated that the mutation 
did not alter the subcellular localization of its corresponding protein 
(Supplementary Fig. 20c).

Bimolecular fluorescence complementation and yeast two-hybrid 
(Y2H) assays confirmed that the AhARF2 protein from HapI accessions 
can interact with AhIAA13 and inhibit AhTPL, whereas the protein from 
HapII accessions has lost this interaction capability (Fig. 8g–i). In pea-
nut, transient overexpression of the AhARF2-2HapI and AhARF2-2HapII 
genes resulted in a significant decrease in AhGRF5 expression, with 
HapI causing more pronounced downregulation than HapII (Supple-
mentary Fig. 21). These findings suggest that AhARF2-2 may negatively 
regulate AhGRF5 expression in peanuts. Yeast one-hybrid (Y1H) assays 
and firefly luciferase (LUC) complementation assays demonstrated that 
both the HapI and HapII AhARF2-2 proteins can bind to the promoter 
of the growth-regulating factor 5 (AhGRF5) gene (Fig. 8j). Reverse tran-
scription quantitative PCR (RT–qPCR) analysis revealed that AhGRF5 
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Fig. 6 | Trait-related genes with structural variants in selective sweep regions. 
a, A 629-bp deletion in CRK26 (NDH09G29320) from a CRK gene cluster at chr. 9,  
and genotyping of the population for CRK26 genes with (red) or without a 
deletion (steel blue). b, A 27.7-kb deletion in an IRK gene (NDH10G19410) from 
an IRK gene cluster at chr. 10 from haplotype assembly and long-read alignment. 
c, Genome collinearity (left), expression level of seed (middle) from various 
accessions and expression level of root from accession NDH108 with bacterial 

wilt infection (right) in the tandem unit of pod size genes NTF6 (NDH13G04110/
NDH13G04130/NDH13G04150, mediator of RNA polymerase ll transcription 
subunit 36a) and disease-resistant related genes FBRL2 (NDH13G04100/
NDH13G04120/NDH13G04140, protein kinase superfamily protein) at chr. 13. 
Three biological replicates. Center line, median; box lower and upper edges, 25% 
and 75% quartiles, respectively.
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exhibited the highest expression levels in seeds, with significantly 
higher expression in HapII accessions than in HapI accessions (Supple-
mentary Fig. 22). Moreover, AhARF2-2 could inhibit AhGRF5 expression, 
with HapI exhibiting a stronger inhibitory effect than HapII (Fig. 8k). 
TOPLESS (TPL) acts as an inhibitory factor in multiple biological pro-
cesses51. AhARF2 has the capability to recruit TPL, thereby further 
suppressing the expression of AhGRF5; thus, HapI exhibits stronger 
inhibitory capability than HapII (Supplementary Fig. 23). Results from 
transgenic Arabidopsis showed that the seed area and seed length of 
HapII lines were significantly larger than Hap I transgenic lines (Fig. 8l–p 
and Supplementary Fig. 24a–e). In summary, we propose that AhARF2-
2 interacts with AhIAA13 via the C-terminal AUX/IAA domain. In the 

presence of auxin, AhARF2-2 is released and subsequently recruits 
TPL to suppress the expression of downstream AhGRF5. However, in 
large-seed accessions with SV deletion, AhARF2-2 is unable to interact 
with AhIAA13 and TPL, which leads to the reduction of the suppression 
of AhGRF5, thereby promoting seed expansion (Fig. 8q).

Discussion
Peanut (Arachis hypogaea L.), recognized as one of the most important 
oilseed and food legume crops, exhibits the unique characteristic of 
ripening its seeds underground. Throughout the processes of domesti-
cation and cultivation, there has been a progressive increase in the size 
and weight of peanut pods and seeds1,12,49. However, our comprehension 

0

1

2

3

4

Se
ed

 le
ng

th
 (c

m
)

P = 0.0214

HapI HapII

n = 183n = 61
0

50

100

150

200

10
0-

se
ed

 w
ei

gh
t (

g)

P = 2.6 × 10–11

HapI HapII
n = 183n = 61

Vigna radiata
Vigna angularis
Glycine soja
Glycine max

Medicago truncatula
Lotus japonicus

Vigna umbellata
Vicia villosa

Pisum sativum
Cicer arietinum

Lupinus angustifolius
Lupinus albus

Arachis hypogaea
Arachis monticola
Arachis stenosperma
Arachis duranensis

Arachis ipaensis
Arabidopsis thaliana

Brassica napus
Oryza sativa

Physcomitrium patens
Zea mays

Rhodococcus
Acaryochloris marina

NostocaceaeTree scale: 0.1

Ancestor CKX gene
sequence

Eudicots

Pla
ntae

Monocots

(>150 Ma)

WGD

Le
gu

m
es

(~
58

 M
a)

Adu (AA)

Aip (BB)

(~2.2 Ma)

 Amon 
(AABB)

Ahy (AABB)

Split of monocot and eudicots

Whole genome duplication (WGD)

Other

Arachis

CKX6
CKX6

CKX6HapI

CKX6HapII

a

b c

e

g

HapI (1/4)

HapI

HapII (3/4)

Wild

Landrace and improved

jf

AhCKX6
HapI

HapII

ATG TAG

Insertion  23 + 10 bp

0
2
4
6
8

10

20
30

40

500
1,000
1,500
2,000

C
yt

ok
in

in
 c

on
en

t (
ng

 g
–1

)

cZRMP

DHZ7G
DHZR

tZOG
tZRMPDZ

DHZROG

P 
= 

9.
4 

× 
10

–7

P = 1.7 × 10–5

P 
= 

0.
00

31

P 
= 

8.
4 

× 
10

–5 P 
= 

1.9
 ×

 10
–6

P = 5.8 × 10–7

P 
= 

10
.0

09
2

k

CK

CKX6 ckx6

3’-UTR5’-UTR ORF 3’-UTR5’-UTR ORF

CK

FAD-binding domain

CK-binding domain

AhCKX6

Accession

NDH108/ZP06

Distence to ATG (bp) and variation
2,427 2,466

–
Adu/Aip/Amon
/H16-5Tif/mH8

Haplotype

HapI –

HapII

Intron
Exon
UTR

h i
SmallBig

1 cm 1 cm

0 2 4 6 8

Relative expression levels

HapI HapII

P = 2.2 × 10–6

P = 3.6 × 10–7

P = 4.7 × 10–4

P = 0.0030

10

S1

S2

S3

S4

–l
og

10
(P

)

Chromosome

Root
Stem

Le
af

Seed
0

0.05

0.10

0.15

0.20

2
4
6
8

10

Re
la

tiv
e 

ex
pr

es
si

on
 le

ve
ls

P = 5.5 × 10–5 HapI
HapII

P = 0.0009

P = 7.5 × 10–6

P = 0.0053

d

Indel + SV[Minigraph–Cactus] SeedWeight N = 230

1 3 4 6 8 10 13 15 1816 2012
0

1

2

3

4

5

6

NDH03G08990 (AhCKX6)

0 1.0

R2

TTACAAATATTATTTATTACTGT CAAATTTGTC 

HapI HapII

Fig. 7 | SV-GWAS and AhCKX6 with SVs reduces its expression and promotes 
seed expansion. a, Graph-based SV-GWAS using genotype (SVs and indels 
from Minigraph-Cactus) and phenotype (seed weight) data from resequencing 
accessions. Horizontal lines represent the significant threshold (P = 1 × 10−3, 
1 × 10−5). b, LD heatmap and candidate gene AhCKX6. c, Conserved domains  
of AhCKX6. d, Gene structure of AhCKX6 and location of the insertion.  
e, Proportions of wild, landrace and improved peanut accessions with the 
two haplotypes of AhCKX6. f, Box plots for seed length and 100-seed weight 
according to the genotype of the SV in AhCKX6. The numbers of accessions with 
the HapI and HapII genotypes are 61 and 183, respectively. Center line, median; 
box lower and upper edges, 25% and 75% quartiles, respectively. g, Evolution  
of CKX6 proteins in different plant lineages. Phylogenetic analysis of CKX 
proteins from various plant lineages using the alignment of 25 full-length CKX6 

protein sequences. The ancestral CKX gene sequence evolved in the kingdom 
Plantae along with the diversification into monocot and eudicot plant species 
>150 Ma. h, Expression levels of AhCKX6 in different tissues of HapI and HapII.  
i, The expression level of AhCKX6 was higher in HapI than in HapII in developing 
seeds. j, Seeds of HapII accessions contain more cytokinins than those of HapI 
accessions. n = 3 biological replicates. k, Model showing the mechanism by which 
AhCKX6 regulates peanut seed size. Data in h, i and j are given as mean ± s.e.m. 
n = 3 biological replicates. P values were calculated by two-tailed Student’s t-test 
(f, h, i and j). CK, cytokinin; cZRMP, cis-zeatin riboside monophosphate; DHZ7G, 
dihydrozeatin-7-glucoside; DHZR, dihydrozeatin ribonucleoside; DHZROG, 
dihydrozeatin-O-glucoside riboside; DZ, dihydrozeatin; tZOG, trans-zeatin- 
O-glucoside; tZRMP, 9-ribosyl-trans-zeatin 5′-monophosphate.

http://www.nature.com/naturegenetics


Nature Genetics

Article https://doi.org/10.1038/s41588-025-02170-w

of the molecular mechanisms and evolutionary factors influencing 
peanut pod size and weight remains limited. In this study, we developed 
comprehensive peanut pangenomes by integrating data from eight 
high-quality peanut genomes and 269 resequenced accessions. This 
resulted in an extensive resource of genomic variations that contribute 
to key agronomic traits in peanuts. The newly constructed pangenomes 
and identified variations enhance our understanding of the genetic 
basis underlying traits such as seed size and weight, and will facilitate 
advancements in crop science and peanut breeding, thereby potentially 
improving global food security.

Along with SNPs and epigenetic differences, SVs are newly emerg-
ing as important variation features contributing to the genetic and 
phenotypic diversity observed in and between species. Understanding 
the impact of SVs on plant phenotypic variation is crucial for breeders 
aiming to develop superior cultivars51. SV identification has long been 
challenging in terms of both a lack of accuracy and comprehensiveness 
when using short-read resequencing data. Nevertheless, the important 
role of SVs has been highlighted in recent crop studies51,52. Our analysis 
revealed that combining assembly-based and read-based methods 
using long-read sequencing data improves the identification of SVs in 
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samples (e, f, k and m). P values were calculated by two-tailed Student’s t-test  
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plant genomes, especially large SVs. Notably, a significant observation 
is that most insertion SVs are associated with LTR retrotransposons and 
DNA transposons. We identified 1,335 domestication-related SVs and 
190 SVs associated with seed size or weight. Our study revealed that 
SVs could influence gene expression, functional dynamics and uneven 
domestication between the two subgenomes, ultimately affecting 
seed size and weight.

Throughout the extensive process of domestication and evo-
lution, differential selection pressures have been exerted on sub-
genomes A and B, resulting in distinct functional specializations, 
similar to those observed in cotton (Gossypium spp.)53 and rapeseed 
(Brassica napus)54. During the transition from landraces to improved 
cultivars, chr. 3, 16 and 19 experienced intense artificial selection. The 
genes in the B subgenome were enriched in legume lectin domain 
and pathogenesis-related protein, such as a tandem unit of two 
peanut-specific genes associated with pod size and disease resistance 
separately (Fig. 6c). In crop breeding, enhancing both disease resist-
ance and yield presents major challenges, with trade-offs between 
these traits being a common phenomenon in crop production55. 
Our research suggested that resistance was compromised as yields 
increased during peanut domestication. SV-GWAS identified two 
significant regions potentially related to seed size and weight. Subse-
quent experiments confirmed that SVs in these genes influenced seed 
size and weight. Notably, an SV in the 3′-UTR of the AhCKX6 gene on  
chr. 3 was associated with seed weight. Another significant candidate 
gene, AhARF2-2, encodes an auxin response factor and negatively 
regulates seed size. However, our research still has the limitation on 
the sample size of tetraploid wild peanuts in population selection, 
owing to the specificity of Arachis monticola acting as an intermediate 
between cultured and wild peanut.

In summary, we have developed an extensive dataset comprising 
high-quality reference genomes, pangenomes and significant genomic 
variations, such as SVs, elucidating the influence of SVs on critical 
traits, including seed size and weight in peanuts. This study furnishes 
a genetic resource for the identification of functional genes associated 
with yield and disease resistance, offering valuable tools for breeding 
and crop enhancement for peanut as well as other polyploid species.
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Methods
Plant materials and growth conditions
All 269 analyzed accessions (two accessions, Tifrunner and Shitouqi, 
were previously published and others were newly sequenced) were 
collected from major peanut-growing regions, including India, the 
United States and China. These accessions, which are currently one of 
the most complete and representative collections worldwide, were 
used to analyze the major haplotype of the candidate gene related to 
the seed traits. Plant DNA was extracted using the Plant DNA Extrac-
tion Kit (catalogue number SM262; Seven). Peanut seedlings were 
grown in pots in a growth chamber set to 28 °C, with a 16 h light and 
8 h dark photoperiod and ~60% relative humidity. Experiments were 
conducted when the seedlings reached the four-leaf stage. All Arabidop-
sis thaliana wild-type and transgenic plants were from the Columbia 
(Col-0) ecotype background. Arabidopsis thaliana Col-0 plants and 
tobacco (Nicotiana benthamiana) plants were grown in pots in a growth 
chamber at 23 °C with a 16 h light and 8 h dark photoperiod and ~60% 
relative humidity.

SNP detection from resequencing of 269 peanut accessions
In this study, previously collected WGS and phenotypic data from 
269 peanut accessions with various seed sizes were reanalyzed using 
an updated high-quality reference genome NDH108. Raw sequencing 
data was preprocessed using FASTP (v.0.23.2)56. Trimmed reads were 
aligned to the reference genome (Near T2T genome: NDH108) using 
BWA (v.0.7.17)57. Moreover, for wild diploid accessions, homologous 
chromosomes of subgenomes were retained as the reference genomes 
(NDH108-A or NDH108-B subgenome). SNPs and indels were called 
using bcftools (v.1.10.2)58 (parameter: bcftools mpileup --min-ireads 1 
-Ou -f $ref ${sample}.bam | bcftools call --ploidy 1 -mv -Oz). The SNPs and 
indels were then filtered using bcftools (parameter: bcftools filter -g3 
-G10 -e ‘QUAL<30 || DP<5 || MQ<20’). Variants from all accessions were 
merged into one file using bcftools (parameter: merge -0). To conduct 
the analysis for both diploid and tetraploid peanut genomes, SNPs with 
the A or B subgenome were filtered with a minor allele frequency of 
>0.05 and a missing rate of <0.5 using VCFtools (v.0.1.16)59 (parameter: 
--max-missing 0.5 --maf 0.05), respectively. These SNPs and indels were 
annotated using SnpEff (v.5.1)60.

Population-genetic analyses using resequencing data
SNPs in variant call format (VCF) were converted to PHYLIP format 
using Vcf2phylip (v.2.8)61 for phylogenetic analysis. The phylogenetic 
relationship was inferred using the neighbor-joining method with 
PHYLIP (v.3.697)62. PCA was performed using PLINK (v.1.90b6.24)63 
(parameter: --pca). To estimate the genetic similarity in and among 
populations, we calculated genetic diversity (π or pi) in four popu-
lation using VCFtools (v.0.1.16)59 (parameter: --window-pi 100000 
--window-pi-step 20000), as well as the population fixation statistics 
FST using VCFtools (v.0.1.16)59 (parameter: --fst-window-size 100000 
--fst-window-step 20000). LD pruning was performed using PLINK 
(v.1.90b6.24)63 (parameter: --indep-pairwise 50 10 0.2). Population 
structure was estimated using ADMIXTURE (v.1.3.0)64, which identified 
different numbers of clusters (K) according to cross-validation error. 
Considering both agronomic traits and genetic variability, we newly 
selected several representative accessions with smaller to larger pods 
for high-quality genome assembly. These include an accession of Ad 
(Arachis duranensis; Adu), two accessions of Am (Arachis monticola; 
Amon and H16-5) and three accessions of Ahy (Arachis hypogaea; mH8, 
NDH108 and ZP06).

High-quality genome assembly combining several sequencing 
technologies
Raw Oxford Nanopore Technologies (ONT) long reads with a mean 
quality score >7 were retained at the pre-processing step. De novo 
genome assembly was performed with ONT Ultra-long reads or PacBio 

HiFi reads using NextDenovo (v.2.4.0)38. To improve the accuracy of 
the assembly, the contigs were refined with Racon (v.1.3.1)65 using 
long reads and Nextpolish (v.1.3.1)66 using Illumina short reads with 
default parameters.

Quality controlling of Hi-C raw data was performed using HiC-Pro 
(v.2.8.1)39 as former research. First, low-quality sequences (quality 
scores <20), adapter sequences and sequences shorter than 30 bp 
were filtered out using FASTP (v.0.23.2)56, and the clean paired- 
end reads were then mapped to the draft assembled sequence using 
Bowtie 2 (v.2.3.2)67 (parameter: -end-to-end --very-sensitive -L 30) to 
get the unique mapped paired-end reads. Valid interaction paired 
reads were identified and retained by HiC-Pro from unique mapped 
paired-end reads for further analysis. Invalid read pairs, including 
dangling-end, self-cycle, re-ligation and dumped products were filtered 
by HiC-Pro. The scaffolds were further clustered, ordered and oriented 
scaffolds onto chromosomes by LACHESIS68 (parameters: CLUSTER_
MIN_RE_SITES=100, CLUSTER_MAX_LINK_DENSITY=2.5, CLUSTER 
NONINFORMATIVE RATIO=1.4, ORDER MIN N RES IN TRUNK=60, 
ORDER MIN N RES IN SHREDS=60).

Repeat annotation
Transpose elements (TEs) were annotated using EDTA (v.2.0.0)69 () 
pipeline (parameter: --sensitive 1 --anno 1), which incorporates sev-
eral well-performed structure-based and homology-based programs, 
including LTRharvest (v.1.5.10)70 (in GenomeTools), LTR_FINDER 
(v.1.07)71, LTR_retriever (v.2.9.0)72, Generic Repeat Finder (v.1.0)73, 
TIR-learner (v.2.5)74, HelitronScanner (v.1.0)75, TEsorter (v.1.3.0)76, 
RepeatModeler (v.2.0.2)77 and RepeatMasker (v.4.1.1)78. The inter-
spersed repeats and tandem repeats of genomes were annotated 
using RepeatMasker (v.4.1.1)78 with a TE library generated from EDTA 
(v.2.0.0)69 and TRF (v.4.09)79.

Gene annotation
Three independent approaches, ab initio prediction, homology search 
and reference guided transcriptome assembly, were used for gene 
prediction in a repeat-masked genome. In detail, GeMoMa (v.1.6.1)80 
was used to align the homologous peptides from related species to 
the assembly and then obtain the gene structure information, which 
was homolog prediction. For transcript-based gene prediction, fil-
tered RNA-seq reads were aligned to the reference genome using 
STAR (v.2.7.3a)81. The transcripts were then assembled using Stringtie 
(v.1.3.5)82 d and ORFs were predicted using PASA (v.2.3.3)83. For the 
de novo prediction, RNA-seq reads were de novo assembled using 
Stringtie and analyzed with PASA to produce a training set. Augustus 
(v.3.3.1)84 with default parameters was then utilized for ab initio gene 
prediction with the training set. Finally, EVidenceModeler (v.1.1.1)85 
was used to produce an integrated gene set from which genes with TE 
were removed using the TransposonPSI package (http://transposonpsi.
sourceforge.net/)86 and the miscoded genes were further filtered. UTRs 
and alternative splicing regions were determined using PASA (v.2.3.3)83 
based on RNA-seq assemblies.

Protein assessment and functional annotation
Proteins of each accession were assessed using BUSCO (v.5.3.2)87 with 
database embryophyta_odb10 v2020-09-10. Domains of proteins were 
annotated using InterProScan (v.5.55-88.0)88. The Gene Ontology of 
proteins was predicted using PANNZER2 (v.15.12.2020)89. Enrichment 
analysis was preformed using ClusterProfiler (v.3.16.1)90.

Gene family PAVs
The longest protein sequences of each gene were selected as repre-
sentatives. Short proteins with <50 amino acids were ignored. The 
orthogroups (or gene families) were found using Orthofinder (v.2.5.4)91 
with the parameter ‘-S blast’. For each accession, orthogroups with at 
least one member gene were defined as being present. The orthogroups 
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PAVs matrix was used for downstream analysis. The power model92 was 
chosen to fit the new gene family count (n) and sample count (N) as 
reported previously. Every new gene family count was the median of 
values from 100 iterations of random sampling without replacement. 
The curve was fitted using the ‘nls’ function in R v.4.0.2. Pseudo-R2 was 
computed using the R package aomisc v.0.648. The orthogroups in all 
(eight of eight) accessions were considered as core families. Ortho-
groups present in more than 90% of samples but not all (seven of eight) 
accessions were considered as soft-core families, the same threshold 
used for ‘soft-core’ in previous studies18,93. Orthogroups present in 
between two and six of eight accessions were considered as distributed 
families. The orthogroups present in only one (of eight) accession 
were considered as private families. Single-copy gene orthogroups 
with fewer than one member per accession were aligned in parallel 
using ParaAT (v.2.0)94. The gene pairs were aligned using MUSCLE 
(v.5.1)95 and nonsynonymous (Ka) and synonymous (Ks) substitution 
rates were calculated using KaKs_Calculator (v.3.0)96 with the model 
averaging method97.

Synteny and collinearity
Synteny and collinearity analyses were performed at both the genome 
and gene levels. We used D-Geneies (v.1.4)98 with whole genomes’ align-
ment from Minimap2 (v.2.22)99 and MCscan (in JCVI) v.1.2.7 (ref. 100) 
with the CDS of longest protein sequences of each gene alignment 
from Last (v.1418)101.

SV detection and pangenome construction
SVs of each accession were called using assembly-based and read-based 
SV detection methods, generating three graph-based pangenome sets. 
(1) Assembly-based SVs, graph pangenome construction from variants 
(SVAss): SVs of each accession were detected with assembly-based 
methods Svim-asm (v.1.0.2)102 (parameter: haploid) and CuteSV 
(v.1.0.13)103 (parameter: -s 1 --genotype --report_readid -p -1 -mi 500 
-md 500 –max_cluster_bias_INS 1000 --diff_ratio_merging_INS 0.9 
--max_cluster_bias_DEL 1000 --diff_ratio_merging_DEL 0.5). Inser-
tions (INS) and deletions (DEL) from the intersection of two tools 
were compared and selected using Truvari (v.3.4.0)104 (parameter: 
bench). Duplications (DUP), inversions (INV) and breakends (BND) 
were selected from the results of CuteSV (v.1.0.13)103. SVs with sup-
porting sequence names (RNAMES in the INFO column) from the 
same chromosomes or unplaced contigs were retained. Moreover, 
for two wild diploid accessions (Adu and K30076), the SVs from 
homologous chromosomes (Adu, A subgenome; K30076, B subge-
nome) or unplaced contigs were retained. The nonredundant SVs 
set was merged using SURVIVOR (v.1.0.7)105 (parameter: merge 1000 
1 1 -1 -1 50). We constructed graph-based pangenome from variants 
and reference sequences using vg v.1.53.0. (2) Assembly-based SVs 
and small variants, graph pangenome construction from assemblies 
(FASTA) (Minigraph-Cactus): base-level pangenome graphs were con-
structed of each chromosome using Minigraph-Cactus (v.2.7)106. The 
DNA sequences (nodes) in the sequence graph (GFA) of each chromo-
some were renamed (chromosome prefixes + raw node identification) 
and merged into a graph of all chromosomes. (3) Assembly-based +  
read-based SVs, graph pangenome construction from variants  
(SV Assembly and Read): we added a read-based SV detection method 
to avoid heterozygous and unassembled-region SVs omitted in the 
single haplotype of genome assembly. SVs of each accession were 
detected using the read-based method CuteSV (v.2.0.3)103 from ONT 
reads and PacBio HiFi reads (parameter: --max_cluster_bias_INS 100 
--diff_ratio_merging_INS 0.3 --max_cluster_bias_DEL 100 --diff_ratio_
merging_DEL 0.3 (ONT); --max_cluster_bias_INS 1000 --diff_ratio_merg-
ing_INS 0.9 --max_cluster_bias_DEL 1000 --diff_ratio_merging_DEL 0.5 
(PacBio HiFi)). The SVs with the ‘PRECISE’ and ‘PASS’ tags were filtered. 
Next, these SVs were divided into two subsets according to the regions 
of assembly alignment: SVs in assembly-covered regions and SVs in 

assembly-uncovered regions. For subset 1, heterozygous insertions and 
deletions were compared and merged with assembly-based SVs using 
Truvari (v.3.4.0)104 (parameter: bench). For subset 2, insertions and 
deletions were added with assembly-based SVs. The final SVs dataset 
included both assembly-based SVs and read-based SVs. We constructed 
graph-based pangenome from variants and reference sequences using 
vg (v.1.53.0)107.

SV repeat element and gene expression analysis
SVs were annotated with gene regions (gene, exon, CDS and gene 
upstream and downstream 3,000 bp) and repeat regions (TE, low 
complexity and simple repeat) using Vcfanno (v.0.3.3)108. The alterna-
tive allele sequences of insertions were extracted and annotated for 
repeats using RepeatMasker (v.4.1.1)78 with a TE library generated from 
EDTA (v.2.0.0)69 and TRF (v.4.09)79.

Five tissues (flower, fruit, stem, leaf and root) of accessions Adu, 
Amon, H16-5, mH8, NDH108 and ZP06 were selected for RNA-seq 
experiments. The raw paired-end reads were filtered and trimmed 
using FASTP (v.0.23.2)56. The trimmed reads were mapped to the ref-
erence genome (NDH108) using HISAT2 (v.2.1.0)109 (parameter: --dta) 
and sorted using Samtools (v.1.10)110. The coverage of each transcript 
of genes was calculated using Bedtools (v.2.29.2)111 (parameter: genom-
ecov -bga -split -ibam). The expression of each transcript of genes and 
each gene was calculated using Stringtie (v.1.3.5)82. The FPKM was used 
to estimate the gene expressions.

Identification of regions of domestication sweeps, selected 
genes and SV-related genes
We used three metrics to identify selective region of domestication 
sweeps, including genetic diversity ratio, FST and XP-CLR112. We com-
pared the genetic diversity ratio (πAA/πAABBw, πBB/πAABBw, πAABBw/πAABBc) 
in four groups in 100-kb windows sliding 20 kb using VCFtools 
(v.0.1.16)59 (parameter: --window-pi 100000 --window-pi-step 
20000). Windows with the top 5% of values were identified as candi-
date domestication-sweep regions. To identify additional domestica-
tion effects, we calculated the population fixation statistics (FST) in 
100-kb windows sliding 20 kb using VCFtools (v.0.1.16)59 (parameter: 
--fst-window-size 100000 --fst-window-step 20000). Windows with the 
top 5% FST value were regarded as highly differentiated regions. We also 
calculated XP-CLR112 to scan for domestication-sweep regions in 100-kb 
windows sliding 20 kb and identified windows with the top 5% XP-CLR 
values (parameter: --ld 0.95 --size 100000 --step 20000). Windows 
filtered with at least two metrics were considered as domestication- 
sweep regions.

Experiment design and RNA-seq of accessions with bacterial 
wilt infection
NDH108 was cultivated using the hydroponic method (14 h light and 
10 h dark photoperiod). When peanut roots reached 5–6 cm, seedlings 
were inoculated with Ralstonia solanacearum (strain number 180731-1) 
provided by the Institute of Plant Protection, Henan Provincial Acad-
emy of Agricultural Sciences, China. We performed RNA-seq of roots 
in NDH108 with bacterial wilt infection, at three time points (0, 12 and 
24 h) of three independent experiments in replicates. The analysis 
process of raw reads was the same as described in the section ‘Gene 
expression analysis’.

Genotyping and SV-GWAS
For genotyping of resequencing accessions, we used an ensemble 
genotyper EVG (v.1.2.0)113 combining GraphTyper2 (v.2.7.7)114, GraphA-
ligner (v.1.0.13)115, vg (v.1.53.0)107 and Pangenie (v.3.0.1)116 with the graph 
pangenome constructed from both genome assemblies and long reads 
to genotype variations of SVs and indels (≥10 bp) from short-read 
sequencing data in tetraploid accessions. For SV-GWAS, two pheno-
types (seed weight and seed length) were surveyed and the insertions 
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and deletions from the graph pangenome were selected. Genotype 
files were prepared using PLINK (v.1.90b6.24)63. GWAS was performed 
using EMMAX (v.beta-07Mar2010)117.

Data visualization
Plots were generated using R (v.4.0.2) with the R packages ggplot2 
(v.3.3.6), ggmap (v.4.0.0) (Plotting spatial data), GOplot (v.1.0.2), 
ggbreak (v.0.1.1) (axis breaks plots), gghalves (v.0.1.4) (half plots), 
qqman (v.0.1.8) (GWAS Manhattan plots), ggpubr (v.0.4.0) (sig-
nificant level in box plots) Pheatmap (v.1.0.12) (heatmap; https://
CRAN.R-project.org/package=pheatmap), iTOL (v.6.6)118 (phyloge-
netic tree), Bandage (v.0.8.1)119 (graph pangenome visualization) and 
Rcirco (v.1.2.2)120 (genomic circos plots). Plots of the genome browser 
including tracks of gene annotations, repeat annotations, SVs and align-
ments were generated using Samplot (v.1.3.0)121, JBrowse2 (v.2.3.2)122 
and IGV (v.2.5.3)123. The LD heatmap was generated using LDBlockShow 
(v.1.40)124.

Phylogenetic analysis
The amino acid sequences were retrieved from the National Center 
for Biotechnology Information (https://www.ncbi.nlm.nih.gov/) and 
UniProt (https://www.uniprot.org/). The phylogenetic tree was con-
structed using MEGA 5.2 (ref. 125) (maximum-likelihood method), 
FastTree (v.2.1.11)126 (approximately maximum-likelihood method) 
and modified by iTOL (v.6.6)118. The multiple sequence alignment was 
performed using MUSCLE (v.5.1)95. The protein structure was pre-
dicted using AlphaFold (v.2.3)127 and displayed using PyMol (v.2.3.4)  
(http://www.pymol.org).

Subcellular localization analysis and transient overexpression
The CDSs of AhARF2-2HapI and AhARF2-2HapII (NDH08G29450) were cloned 
into a pCAMBIA1300-GFP vector using the Hieff Clone Universal One 
Step Cloning Kit (catalogue number 10911ES20, Yeasen). The recombi-
nant plasmids pCAMBIA1300-HapI/HapII-GFP (35S:HapI/HapII-GFP), 
marker vector and empty control vector were then transformed into 
Agrobacterium tumefaciens strain GV3101 (AC1001, WEIDI). Agrobac-
terium mediated transient expression assays in tobacco (Nicotiana 
tabacum) and peanut according to our previous work11. Fluorescence 
images of transiently infected tobacco leaf subepidermal cells were 
captured utilizing laser scanning confocal microscopy (catalogue 
number LSM710, Carl Zeiss).

Hormone treatments and RT–qPCR analysis
Two-week-old seedlings (mH8 and ZP06), cultivated on plates, were 
subjected to treatment through spraying with 1 μM NAA. Samples 
were collected at 0, 2, 4, 6 and 12 h following the treatment with NAA. 
Total RNA was extracted using FastPure Universal Plant Total RNA Isola-
tion Kit (catalogue number RC411, Vazyme) and TransScript One-Step 
gDNA Removal and cDNA Synthesis SuperMix Kit (catalogue number 
AT311-02, TransGen Biotech). Gene expression levels were assayed 
using the PerfectStart Green qPCR SuperMix Kit (catalogue number 
AQ601, TransGen Biotech) in conjunction with the Bio-Rad CFX96 
real-time PCR system. The 2−∆∆CT method was used to calculate the rela-
tive expression levels of each gene128. Ahactin7 (XM_025826875) and 
Atactin2 (U37281.2) were used as the internal control genes. Primers 
were designed using Primer 3 (v.4.1.0)129. Cytokinin measurements were 
performed by Wuhan Metware Biotechnology Co., Ltd, utilizing seeds 
from the Amon and ZP06 varieties, approximately 15 days following 
the peg’s penetration into the soil.

Yeast one-hybrid assays
The AhGRF5 (Arahy.V829EQ) promoter was integrated into the pAbAi 
vector. The recombinant plasmid pAbAi-AhGRF5 was digested with 
the restriction enzyme BstBI (catalogue number R0519V, New Eng-
land Biolabs) and transferred into the Y1H yeast strain and tested 

on SD/-Ura medium (catalogue number PM2271, Coolaber) with 
different concentrations of aureobasidin A. The CDS of AhARF2-2HapI  
and AhARF2-2HapII were cloned into the pGADT7 and transferred into 
the Y1H yeast strain, containing pAbAi–AhGRF5 plasmid, tested 
on SD/-Leu medium (catalogue number PM2201, Coolaber) with 
200 ng ml−1 of aureobasidin A.

Bimolecular fluorescence complementation
The CDSs of AhARF2-2HapI and AhARF2-2HapII were cloned into the 
N-terminal half of yellow fluorescent protein (nYFP). The CDSs of 
AhIAA13 and AhTPL were cloned into the C-terminal half of YFP (cYFP) 
to generate HapI-nYFP, AhIAA13-cYFP, HapII-nYFP and AhTPL-cYFP vec-
tors. The appropriate pairs of constructs (AhTPL-cYFP and HapI-nYFP; 
AhTPL-cYFP and HapII-nYFP; AhIAA13-cYFP and HapI-nYFP; AhIAA13-cYFP 
and HapII-nYFP) were infiltrated into N. benthamiana leaves via 
Agrobacterium-mediated transient infiltration and detected by laser 
scanning confocal microscopy (catalogue number LSM710, Carl Zeiss).

Yeast two-hybrid assays
AhIAA13 (Arahy. MDB4JZ) and AhTPL (Arahy.UFRA39) CDSs were cloned 
into pGBKT7 vector (bait vector). These recombinant vectors were 
transformed into the Y2H yeast strain. The bait vectors pGBKT7-53 
(BD-T7-53) and pGBKT7-Lam (BD-T7-Lam), serving as positive and nega-
tive controls respectively, were cotransformed with the prey vector 
pGADT7-T. Yeast cells and control cells, carrying recombinant plasmids, 
were grown on deficient medium: lacking tryptophan and leucine 
(SD/-Trp/-Leu; catalogue number PM2221, Coolaber) and leucine, 
tryptophan histidine and adenine (SD/-Leu/-Trp/-His/-Ade; catalogue 
number PM2221, Coolaber), respectively.

Dual-luciferase reporter assay
The CDSs of AhTPL, AhARF2-2HapI and AhARF2-2HapII were cloned into 
pCAMBIA1300-GFP vector to construct the pCAMBIA1300-TPL-GFP 
(35S:TPL), 35S:HapI and 35S:HapII as effector plasmids. The AhGRF5 
promoter (850 bp) was inserted into pGreenII 0800-LUC to construct 
the GRF5pro:LUC reporter plasmid. These vectors were individually 
transformed into GV3101 (harboring the pSoup plasmid). The pairs 
of constructs (35S:GFP and GRF5pro:LUC; 35S:HapI and GRF5pro:LUC; 
35S:HapII and GRF5pro:LUC; 35S:HapI, 35S:TPL and GRF5pro:LUC; 
35S:HapII, 35S:TPL and GRF5pro:LUC) were infiltrated into N. bentha-
miana leaves using the method reported previously130. LUC activity was 
detected using a low-light cooled CCD imaging apparatus (Tanon 5200). 
LUC or Renilla luciferase was assayed using the Double-Luciferase 
Reporter Assay Kit (catalogue number FR201, TransGen Biotech) with 
dual LUC assay reagents (Promega). Primers used for the LUC assay are 
listed in Supplementary Table 16.

Arabidopsis transformation
Agrobacterium tumefaciens GV3101 containing the recombinant vec-
tors 35S:HapI-GFP or 35S:HapII-GFP was used to transform Arabidopsis 
(Col-0) using the floral dipping method131 Transgenic Arabidopsis plants 
were selected on MS medium supplemented with 30 mg l−1 hygromycin 
and their identity was confirmed through PCR. Subsequently, the T3 
generation of transgenic plants was utilized for phenotypic analysis of 
the candidate gene. Seed sizes were photographed with an anatomi-
cal microscope and were tested using the Ween SC-G automated test 
analysis system (WSeen). Primers used for gene cloning are listed in 
Supplementary Table 16.

Statistical analyses
The statistical analyses were mostly performed in R (v.4.0.2). For bio-
chemical and molecular biology analysis, at least three individuals 
were mixed in each sample with three biological replicates. Standard 
deviations and P values were calculated using two-tailed Student’s 
t-test and analysis of variance.

http://www.nature.com/naturegenetics
https://CRAN.R-project.org/package=pheatmap
https://CRAN.R-project.org/package=pheatmap
https://www.ncbi.nlm.nih.gov/
https://www.uniprot.org/
http://www.pymol.org
https://www.ncbi.nlm.nih.gov/nuccore/XM_025826875
https://www.ncbi.nlm.nih.gov/nuccore/U37281.2


Nature Genetics

Article https://doi.org/10.1038/s41588-025-02170-w

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

Data availability
The eight genomic sequences for pangenome and all the 269 genomic 
sequence data for GWAS analysis have been deposited in the National 
Genomics Data Center (NGDC) database under BioProject numbers 
PRJCA029798 and PRJCA029800 (GSA numbers CRA019399 and 
CRA019260). The published transcriptomic datasets for candidate 
gene expression analysis can be downloaded from the NGDC under 
accession number PRJCA029802 (GSA number CRA019264). The tran-
scriptomic datasets for gene expression analysis on accessions with 
bacterial wilt infection can be downloaded from the NGDC under 
accession number PRJCA030060 (GSA numbers CRA019399 and 
CRA020567). The result data has been mirrored deposited at https://
cgm.sjtu.edu.cn/PeanutPan/index.html. Source data are provided 
with this paper.

Code availability
The codes for this study are available via Zenodo at https://doi.
org/10.5281/zenodo.15003999 (ref. 132) and via GitHub at https://
github.com/SJTUCGM/PeanutPan.
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Data were sequenced from PacBio, Nanopore and Illumina platform.

Data analysis All the softwares used in this study are cited in the manuscript and listed as follows: FASTP (v0.23.2),  BWA (v0.7.17), Bcftools (v1.10.2), 
Vcftools (v0.1.16), SnpEff (v5.1), Vcf2phylip (v2.8), PHYLIP (v3.697), PLINK (v1.90b6.24), Admixture (v1.3.0), Racon (v1.3.1), Nextpolish (v1.3.1), 
Bowtie2 (v2.3.2), LACHESIS, EDTA (v2.0.0), LTR_FINDER (v1.07), LTR_retriever (v2.9.0), Generic Repeat Finder (v1.0),  TIR-learner (v2.5), 
HelitronScanner (v1.0), TEsorter (v1.3.0), RepeatModeler (v2.0.2), RepeatMasker (v 4.1.1), TRF (v4.09), GeMoMa (v1.6.1), STAR (v2.7.3a), 
Stringtie (v1.3.5), PASA (v2.3.3), Augustus (v3.3.1), EVidenceModeler (EVM) v1.1.1, TransposonPSI, BUSCO (v5.3.2), InterProScan (v5.55-88.0), 
PANNZER2 (v15.12.2020), ClusterProfiler (v3.16.1), Orthofinder (v2.5.4), Power model, ParaAT (v2.0), MUSCLE (v5.1), KaKs_Calculator, D-
Geneies (v1.4), Minimap2 (v2.22), MCscan (in JCVI) v1.2.7, Last (v1418),  Svim-asm (v1.0.2), CuteSV (v1.0.13), CuteSV (v2.0.3), Truvari (v3.4.0),  
SURVIVOR (v1.0.7), Minigraph-cactus (v2.7), vg (v1.53.0), Vcfanno (v0.3.3), HISAT2 (v2.1.0), Samtools (v1.10), Bedtools (v2.29.2),  Pangenie 
(v3.0.1), EMMAX (vbeta-07Mar2010), iTOL (v6.6), Bandage (v0.8.1), Rcirco (v1.2.2), Samplot (v1.3.0),  JBrowse2 (v2.3.2), IGV (v2.5.3), 
LDBlockShow (v1.40), MEGA 5.2, FastTree (v2.1.11), Primer 3 (v4.1.0), EVG (v1.2.0), GraphTyper2 (v2.7.7), GraphAligner (v1.0.13), AlphaFold 
(v2.3), PyMol (v2.3.4)

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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Data
Policy information about availability of data

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 eight genomic sequences for pan-genome and all the 269 genomic sequence data for GWAS analysis have been deposited in the National Genomics Data 
Center (NGDC) database under BioProject number PRJCA029798 and PRJCA029800. The published transcriptomic datasets for candidate gene expression analysis 
can be downloaded from the NGDC under accession numbers PRJCA029802. The transcriptomic datasets for gene expression analysis on accessions with bacterial 
wilt infection can be downloaded from the NGDC under accession numbers PRJCA030060.

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 N/A

Reporting on race, ethnicity, or 
other socially relevant 
groupings

N/A

Population characteristics N/A

Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
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 The germplasm used in this study included 32 two diploid wild species, 8 tetraploid wild species, 155 tetraploid cultivated landrace, 67 
tetraploid improved accessions, and 7 unclassified accessions. There are a total of 296 germplasm lines, originating from over 30 countries 
worldwide and encompassing major peanut-growing regions. This represents one of the most comprehensive research collections to date.

Data exclusions No data exclusions. Sequencing data was quality filtered, as described in manuscript.

Replication All the experiments were performed using independent biological replicates as indicated in the manuscript, figure and table legends, and 
supplementary information data.

Randomization A randomized complete block design was used in planting for phenotype data collection.

Blinding All accessions were only labeled by numbers when planting and data collection. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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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 Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Plants




