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Peanut (Arachis hypogaeal.) is a globally significant leguminous oil

crop. Here we present telomere-to-telomere genome assemblies for two
diploid and four tetraploid peanut varieties, resulting in high-quality
reference genomes, showing that the complex activities of transposable
elements, chromosomal rearrangements and centromere expansions
within subgenomes collectively contribute to the asymmetrical evolution
of the tetraploid genome, and unique structural variants in the four
tetraploid peanut varieties provide clear evidence of domestication.
Population analyses of 521 peanut accessions revealed asymmetric
selection events between subgenomes during breeding, and genome-wide
association studies identified candidate genes linked to oil content, seed
size and weight, kernel dehydration rate, and arachidic acid content. In
addition, transcriptomic and metabolomic analyses revealed enhanced
activity in lipidomic and anthocyanin biosynthetic pathways during seed
development. These comprehensive findings provide insights into genome
organization, evolutionary dynamics and phenotypic differentiation
across peanut varieties that could inform future peanut breeding and
improvement strategies.

Peanut (Arachis hypogaeaL.), an important food crop and source of
high-quality edible oil, originated in South America. It spread glob-
ally in the 16th century and thrives in various climates owing to its
adaptability and high nutritional value'?. The genus Arachis in the
Fabaceae family comprises more than 82 species, including three wild
aneuploids (2n = 2x=18),26 wild diploids (2n = 2x = 20), one wild tetra-
ploid (Arachis monticola, 2n = 4x = 40) and one cultivated tetraploid
(A. hypogaea,2n = 4x = 40)**.A. hypogaea (AABB), the only domesticated
species, likely originated from the hybridization of two diploids,

Arachisduranensis (AA) and Arachis ipaensis (BB). It is categorized into
two subspecies (var. hypogaea and var. fastigiata) and six botanical vari-
eties (var. hypogaea, var. hirsuta, var.fastigiata, var. vulgaris, var. aequa-
toriana and var. peruviana) based on morphology and geography* .
Todate, five wild diploid ancestral species’ ™, three wild tetraploid
species and seven cultivated tetraploid peanut genomes"*""'*"* have
beensequenced and assembled. However, many gaps and unmapped
scaffolds remain (with the exception of Yuanza9102), hindering
the study of structural variants (SVs) and centromeric evolution.
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Fig.1| Phenotypes and genome characterization. a-f, From top to bottom:
plant structures, pods, seeds and Circos plot depicting the genomic features of
the V14167 (a), K30076 (b), S245 (c), HN873 (d), HN51 (e), and S83 (f) accessions.
The scale for the chromosomes (outer bars) is Mb. The triangles represent
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telomeres, and the bars represent centromeres. From outside to inside, the
different tracks of the Circos plots represent GC content, gene density, TE
density, and distributions of Gypsy, Copia and DNA TEs. The gene and TE densities
were calculated based on a200-kb window size.

The published genomes include those of var. hypogaea (Tifrunner,
NDH108, ZP06, Mh8)>" and var. vulgaris (Shitouqi, Fuhuasheng and
Yuanza9102)"'*"*, whereas var. hirsuta and var. fastigiatalack genomic
sequences. Construction of telomere-to-telomere (T2T) genomes
for peanut accessions will enhance identification of SVs and provide
abetter understanding of genome organization and domestication.

Selection and cultivation of peanut (A. hypogaea) have produced
diverse varieties with respect to seed size, oil content, pod shape and
color, as well as differences in growth habit, disease resistance and
maturity time (https://www.ars-grin.gov). Although several quantita-
tive trait loci (QTLs) and genes related to pod and seed size and/or
weight'®, oil content”, branching habit™ and testa color' have been
identified using QTL mapping, the limited number of genetic mark-
ers has made it challenging to identify causal genes. With advancesin
sequencingtechnologies, multiple key loci and genes associated with
various traits have been identified**”".

Here we used two diploid progenitors and four representative
allotetraploid peanutsto construct T2T genomes. These six reference
genomes, combined with resequencing data from 521 peanut acces-
sions, offerinsightsinto the genetic characteristics and genomic evolu-
tion of peanuts, facilitating identification and utilization of superior
genotypes for molecular breeding.

Results

Assembly and annotation of six representative peanut
genomes

To determine the genome structure and genetic diversity of A.
hypogaea, we sequenced six representative accessions: two diploid
progenitors (A. duranensis, V14167; A. ipaensis, K30076), and four
allotetraploid cultivars (Laiyang Silihong, S245; Chedouzi, HN873;
Huayu23, HN51; Yunnan Rainbow Peanut, S83) (Fig.1). These accessions
exhibited diverse phenotypes, including differences in tiller angle,
flower characteristics, and seed size, shape and number (Fig. 1). Het-
erozygosity rates ranged from 0.14%t0 0.36% (Supplementary Table1).
Using PacBio sequencing, we generated 1.42 Tb (average depth of
116x) of HiFi reads (Supplementary Table 2), assembling genomes
with an average contig N50 of 85.94 Mb using Hifiasm (v.0.19.5)*

(Table 1). High-throughput chromatin conformation capture (Hi-C)
data (average depth of 112x) were used to corrected and orient contigs
(Supplementary Fig.1and Supplementary Tables 2 and 3), and Oxford
Nanopore Technologies (ONT) ultralong-read sequencing was used to
fillgaps (average depth of 70x; Supplementary Tables 2 and 4), result-
ingin T2T peanut genomes ranging from 1.18 Gb to 2.63 Gb (Table 1).
Telomeres were identified using 7-bp telomere repeats (CCCATTT at
the 5’ end and TTTAGGG at the 3’ end). Assembly quality was assessed
using metrics including BUSCO? completeness score of 98.67% and
long terminal repeat (LTR) assembly index (LAI)** score of 21.76, indi-
cating high completeness (Table 1). The accuracy was validated by
a quality value® of 47.52 and a mapping rate of 99.76% for lllumina
short reads (Table 1 and Supplementary Table 5). In addition, k-mer
distribution curves demonstrated high completenessinthe duplicated
regions (Supplementary Fig. 2). Transcriptome sequencing achieved
amappingrate of 92.93% (Supplementary Table 6). Our T2T genomes
demonstrated superior quality and completeness compared to pre-
viously published genomes (Supplementary Fig. 3). Using ab initio,
homology and transcript-based evidence, we predicted 34,406 t0 75,143
protein-coding genes across the accessions, with an average functional
annotationrate of 98.75% (Table 1and Supplementary Table 7). The aver-
age genelength was 2,654 bp, with coding sequences (CDSs) between
1,080 bpand1,123 bpinlength (Supplementary Table 8). BUSCO evalu-
ationshowed that 98.88% of single-copy genes were completely anno-
tated, further confirming the accuracy of gene annotations (Table 1).

TEs and centromeres imply asymmetry evolution

Transposable elements (TEs) are crucial sources of lineage-specific
genomicinnovation and have vital roles in peanut genome evolution.
TEsaccounted for an average of 76.27% of each genome, ranging from
74.65%t077.69% (Table 1and Supplementary Table 9). The TE contentin
the Btsubgenomes (average 77.77%) was consistently higher than that
inthe At subgenomes (average 75.08%), and a similar difference was also
observedbetweenthe B (77.69%) and A (74.65%) diploid genomes. Spe-
cifically, Gypsy elements constituted 52.40% (~-605.50 Mb) of the A(t)
genome/subgenomes, whereas they accounted for 58.91% of the B(t)
genome/subgenomes (-865.57 Mb) (Supplementary Table 9). Analysis
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Table 1| Overview of assembly and annotation statistics for diploid and tetraploid peanuts

Sample V14167 K30076 $245 HN873 HN51 S83
Number of contigs 405 476 1,902 932 1,281 1,762
Contig N50 (Mb) 65.37 68.95 83.61 89.99 84.96 122.78
Telomere 20 20 40 40 40 40
Assembly length (Mb)(gaps) 1178(0) 1,485(0) 2,572(0) 2,622(0) 2,625(0) 2,620(0)
Illumina read-mapping rate (%) 99.35 100 99.99 99.65 99.75 99.81
Genome BUSCOs (%) 97.90 99.00 98.30 98.80 98.80 99.20
Protein-coding genes (BUSCO) 34,406 (97.80%) 35,810 (98.30%) 72,410 (99.10%) 75143 (99.50%) 74,086 (99.40%) 72,247 (99.20%)
LAl 24.03 21.09 2112 2176 21.20 21.36
Quality value 51.57 44.97 46.15 4778 4524 49.38
Repeat content (%) 74.65 7769 76.47 76.25 76.3 76.24

of base substitution rates using a rate of 1.64 x 108 revealed distinct
rates of LTR expansion between the Atand Bt subgenomes. The Gypsy
family in the A(t) genome/subgenomes expanded approximately 0.20
millionyears ago (Ma), before tetraploidization, whereas two expansion
peaksoccurredat 0.69 Maand 0.27 Main the B(t) genome/subgenomes
(Fig. 2a). We observed different insertion times for Gypsy-type LTRs
inthe Atand Bt subgenomes. The Athila, Retand, CRM and Ogre types
experienced two expansions in the B(t) genome/subgenomes, but
only the Reina type underwent two expansions in the A(t) genome/
subgenomes (Supplementary Fig.4). We categorized Gypsy and Copia
TEsbased ontheirinsertion timesinto four periods: S1(1-11,000 years
ago), S2 (11,001-101,000 years ago), S3 (101,001-301,000 years ago)
and S4 (>301,000 years ago). Counts for the Agenome were 284,1,445,
5,323 and 9,553 from S1to S4; for the B genome, these counts were
467,1,439, 3,433 and 15,873 (Supplementary Table 10). This indicates
that TE insertion events occurred more frequently in the A genome
during the S3 period. In the tetraploid subgenomes, counts in the At
subgenomes were 343,1,396, 4,655, and 9,747, whereas those in the Bt
subgenomeswere 416,1,392, 3,314 and 15,592, respectively. Gypsy-type
TEswere primary contributorsto TE insertionsin the Agenome during
the S3 phase, with counts of 4,388 in the A genome and 3,861 in the
At subgenomes, compared to 2,417 and 2,259 in the B genome and Bt
subgenomes, respectively. Comparative analysis of the two main types
of Gypsy TEs, Athila and Retand, revealed shorter insertion times in
the A(t) genome/subgenomes than in the B(t) genome/subgenomes
(Supplementary Fig. 5). Full-length Athila phylogenetic trees indicate
distinct evolutionary characteristics after the divergence of the A(t)
and B(t)genome/subgenomes (Fig. 2b). Notably, several Athila and
Retand TEs were absent from tetraploid subgenomes but present in
the diploid genomes (Supplementary Fig. 5).

In the diploid genomes, the total lengths of centromeres were
44.70 Mb and 43.30 Mb; by contrast, the At subgenomes showed an
increase in average length of 46.11 Mb, whereas the Bt subgenomes
experienced asignificantreduction, with anaverage length of 25.70 Mb
(range:23.18-29.81 Mb) (Supplementary Table 11). This difference was
primarily due to areductioninthe number of repetitive units in the Bt
subgenomes. Phylogenetic analysis based on centromere monomers
revealed that monomers from the A(t) genome/subgenomes clustered
together, as did those from the B(t) genome/subgenomes, indicating
independent evolution of CentO units (Fig. 2c). Centromeric repeti-
tive elements (CRMs) were interspersed between the At and Bt sub-
genomes, suggesting synchronous insertion and evolution of CRMs
(Fig. 2d). The A(t) and B(t) genome/subgenomes showed different
Retand elementactivity, with alater burstinsertion observedin the A(t)
genome/subgenomes but absent from the B(t) genome/subgenomes
(Fig. 2e). The noncollinearity results for Retand elements on chromo-
some 4 indicated that following tetraploid formation, the A genome

and At subgenomes experienced different reshaping in centromere
regions (Fig. 2f and Supplementary Fig. 5).

SVs during peanut evolution and domestication
T2T genomes enable precise identification of SVs and rearrange-
ments through comparison of diploid and tetraploid chromosomes.
Using SyRI (v.1.5.3)** and SVMU (v.4.0.0beta2)”, we detected 153,947
insertions, 182,467 deletions, 6,272 copy number variations (CNVs),
2,351 translocations and 644 inversions in four tetraploid pea-
nut accessions compared to diploid genomes V14167 and K30076
(Supplementary Table 12 and Supplementary Fig. 6a,b). Specifically,
the At subgenomes exhibited 128,260 insertions, 145,963 deletions,
4,495 CNVs, 2,174 translocations and 520 inversions, whereas the Bt
subgenomes showed only 25,687 insertions, 36,504 deletions, 1,777
CNVs, 177 translocations and 124 inversions. Genes located within 2 kb
upstream or downstream of the SV breakpoints (termed SV genes)
wereidentified, withan average of 9,682 SV genes per accession (rang-
ing from 9,522 t010,006); 45.42% of the SV genes were TE-SV genes
(Supplementary Table13 and Supplementary Fig. 7a,b). Further com-
parisons among tetraploid cultivated accessions revealed a total of
17,216 insertions, 28,554 deletions, 1,692 CNVs, 177 inversions and
215 translocations when comparing S83 to S245, HN873 and HN51
(Supplementary Table 12 and Supplementary Fig. 6¢). The At subge-
nomes averaged 8,370 insertions and 14,712 deletions, whereas the
Bt subgenomes had 8,864 insertions and 13,842 deletions. SV gene
analysis indicated a total of 4,886, 4,533 and 4,392 SV genes for the
S245 versus S83, HN873 versus S83, and HN51 versus S83 compari-
sons, respectively, with an average of 2,015 classified as TE-SV genes
(Supplementary Table 13 and Supplementary Fig. 7c). To validate the
accuracy of SVidentification, we confirmed 202 large SVs via PCR ampli-
fication (Supplementary Table 14 and Supplementary Fig. 8). Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses of SV genes showed significant associations with
pathwaysinvolvedin flavonoid biosynthesis, brassinosteroid biosyn-
thesis and fatty acid metabolism (Supplementary Tables 15-17). We also
identified conserved SVsacross all tetraploid subgenomes, indicating
rearrangements from or before tetraploidization, particularly in the
A(t) genome/subgenomes. By contrast, fewer specific rearrangements
were noted in the B(t) genome/subgenomes, with a notable 4.48-fold
differenceinsizebetween At:A and Bt:B (Supplementary Figs. 9 and 10).
Analysis of the relationship between SVs and domestication
revealed unique variations among the tetraploid accessions. Com-
pared to the landrace HN873, S245, HN51 and S83 had significantly
more unique SVs and genes. Specifically, S245 contained 7,431 SVs
(861 genes), S83 had 6,059 SVs (841 genes) and HN51 had 4,156 SVs
(448 genes), whereas HN873 had 2,593 SVs (253 genes). In the GO
enrichment analysis, the HN873 genes were significantly enriched
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Fig. 2| Asymmetric subgenome evolution. a, Insertion times obtained using
the LTRretrotransposons (Gypsy and Copia) in the A. hypogaea At (S245A,
HN873A, HN51A and S83A), A. hypogaea Bt (5245B, HN873B, HN51B and S83B),
A.duranensis (V14167) and A. ipaensis (K30076) genomes. b, Phylogenetic
analysis of the expansion of Athila LTR retrotransposons across the entire A(t)
and B(t) genome/subgenomes. ¢, The phylogenetic relationships between

the A(t) and B(t) genome/subgenomes, analyzed using the CentO repeat

unit.d, Maximum likelihood phylogenetic tree based on alignments of the
full-length CRM within the centromeric regions of the A(t) and B(t) genome/
subgenomes. e, Phylogenetic relationships and insertion time of full-length
Retand elements in the centromeric regions of the A(t) and B(t) genome/
subgenomes. f, Synteny analysis and timing of insertion of full-length Retand
elementsin the At subgenomes and the diploid genome (V14167) in the
centromeric regionon chr. 4.
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in terms including calcium ion transport, metal ion transport and
and monoatomic cation transport, whereas HN51 was linked to tis-
sue development terms such as embryonic morphogenesis, flower
development, pollen tube growth, post-embryonic development,
shoot system development, vascular transport and phloem trans-
port (Supplementary Table 18). Unique SV genes in S245 and S83
were enriched in fatty acid synthesis and metabolism, with S245 also
enriched in defense responses and nutrient level regulation, whereas
S83 wasrelated toroot development and endoderm formation. These
findings suggest that SVs have acrucial rolein shaping the domestica-
tion of different peanut varieties through artificial selection.

A13.23-Mbinsertion on chr.14 was found inthe K30076,S83, HN51
and HN873 accessions (Fig. 3a-e), with next-generation sequencing
showing the insertion to be present in all 161 var. hirsuta but only 33
of 161 var. hypogaea accessions (Supplementary Fig. 11). This inser-
tion could contribute to phenotypic differences between var. hir-
suta and var. hypogaea. KEGG analysis of the 109 genes within the
insertionregions highlighted enrichmentsin lipid metabolism, lignin
biosynthesis and responses to environmental stressors (Fig. 3f,h and
Supplementary Fig. 12). Genes of chr. 14.1804 homologous to OsLAC
(Fig.3g,i), which plays animportant partin regulation of plant architec-
ture and seed development in rice*, were expressed in peanut lateral
branch, axillary bud and hypocotyl (Supplementary Fig. 12). Another
gene, chr. 14.1829, which is homologous to WOX34/B**°, was specifi-
cally expressed in the embryo, axillary buds and stem apices (Fig. 3g,i
and Supplementary Fig. 12), suggesting that the insertion may have a
roleinthe unique phenotype of var. hirsuta.

Population structure

Atotal of 521 globally collected peanut accessions were sequenced,
yielding an average depth of 16.76x and 96.71% genome coverage
(Supplementary Table 19). Using the S245 genome as areference, we
identified 101,334,387 high-quality single-nucleotide polymorphisms
(SNPs), averaging 39 SNPs per kilobase (Supplementary Table 20).
Phylogenetic and population structure analyses classified the acces-
sions into five genetic groups: wild (G1), var. fastigiata + admixture
(G2), var.vulgaris (G3), var. hypogaea (G4) and var. hypogaea + var.
hirsuta (G5) (Fig. 4a and Supplementary Figs. 13 and 14a). Principal
component analysis (PCA) confirmed the five distinct clusters cor-
responding to lineages G1-G5 (Fig. 4b). The G5 population showed
significant differentiation from G2 and G3 but not from G4. Genetic
diversity analysis indicated that the most pronounced differences were
between G2 and other groups, whereas G4 and G5 exhibited minimal
differences (Fig. 4c). The linkage disequilibrium (LD) decay rate was
lowest in G1 and highest in G2 (Fig. 4d). Divergence times estimates
indicated that cultivated peanuts diverged into var. fastigiata (G2+G3)
and var. hypogaea (G4+G5) around 9,400 years ago, with further differ-
entiation occurring among groups at approximately 7,200 and 8,900
years ago, respectively (Supplementary Fig. 14b).

Selected regions and introgressed tracts

Genomicregions under selection were analyzed by calculating popula-
tion fixation statistic (Fs;) and cross-population composite likelihood
ratio (XP-CLR) values between groups (Supplementary Tables 21and 22).
Thetop 1% of Fi;and XP-CLR intervals were retained to identify selected
genes within the G2-G3, G2-G4, G2-G5, G3-G4, G3-G5 and G4-G5
groups. TEinsertions were categorized into five time periods for assess-
ment of their impact on these selected sweep regions; this showed
thatrecent TEinsertions had smaller effects compared to earlier ones
(Supplementary Fig. 15). After filtering of TE intervals, the average
length of selective sweep regions in the top 1% of Fs; was 69.39 Mb,
containing an average of 2,463 genes (ranging from 697 to 3,838)
(Supplementary Table 21). Notably, an average 4.98 Mb of differentially
selected regions were identified in the Bt subgenomes, compared to
only 2.47 Mbinthe At subgenomes, indicating asymmetric evolution.

Four-taxon fd statistics detected introgressed regions, with signifi-
cant gene flow primarily observed in the At subgenome, especially in
the G2-G3 and G4-G5 groups (Fig. 4e-g, Supplementary Fig. 16 and
Supplementary Tables 23 and 24). Compared to diploids, 22.48%, 51.97%
and 49.19% of SNPs were retained in the top 1% of Fs;, XP-CLR and intro-
gression regions in tetraploids, respectively (Supplementary Figs. 17
and 18). GO and KEGG analyses identified selected genes related to
fatty acid synthesis, flavonoid biosynthesis and nutrient metabolism
(Supplementary Fig.19).

Identification of peanut haplotypes linked to higher oil
content

Genome-wide association study (GWAS) analysis identified significant
signals on chromosome 8 associated with peanut oil content (Fig.5a-c),
pinpointing151genesinthe 200-kb regions. Among these, we identified
acandidategene, chr.8.2620 (named AhWRII), located approximately
54,934 bp from the peak at chr. 8:54293412 (P=3.02 x 1078). Gene struc-
ture analysis revealed abase change (Ato C) inthe promoter regionand
anonsynonymous SNP in the first exon (T to G) that altered an amino
acid from arginine to methionine (Fig. 5d-f). Expression analysis of
AhWRIIindicated predominant expression during seed development
(Supplementary Fig.20). Based on153 accessions with RNA sequencing
(RNA-seq) data, the Hap1 type had an average fragments per kilobase
million (FPKM) value 0f 16.30 and an oil content of 48.41%, whereas
the Hap2 type had an average FPKM value of 24.81 and an oil content
of 54.10% (Supplementary Table 25). Quantitative PCR with reverse
transcription (RT-qPCR) confirmed higher AhWRI1 expression in
Hap2-type accessions (Supplementary Fig.21). The correlation between
promoter haplotype and expression level suggested causal variationin
the promoter region. Subcellular localization studies confirmed that
AhWRIlisatranscription factor (Fig. 5g). Transgenic lines overexpress-
ing AhWRII inrapeseed and soybean showed lipid droplet accumula-
tion in the leaf mesophyll cells, as detected by confocal imaging and
Nile red staining (green) (Fig. 5h,i and Supplementary Fig. 22a). We
assessed total triacylglycerol contentin seeds and found that AhWRI1
overexpression significantly increased fatty acid levels (Fig. 5j and
Supplementary Fig.22b). We also noted that four transcriptional regula-
tors, LEAFY COTYLEDONI1 (LEC1), FUSCA3 (FUS3) and ABSCISIC ACID
INSENSITIVE3 (ABI3), were crucial for seed development® * and oil
production®*%, We found that AhLEC1, AhFUS3, AhABI3 and AhWRI1
had higher expression in high-oil varieties compared to low-oil ones
(Supplementary Fig. 21). Yeast one-hybrid and dual-luciferase assays
showed that AhWRI1 regulated downstream plant fatty acid biosyn-
thesis pathway protein genes AhACPI and AhKAS1, whereas AhFUS3,
AhABI3and AhLECIbound to the AhWRI1 promoter (Fig. 5k,1). The E-box
motif, identified in the phase promoter of beans with respect to its
strict expression during embryogenesis®, was also recognized as an
induced binding motifin cis-motifs associated with ABI3 binding peaks
in Arabidopsis®®. An A-to-C mutation was discovered in the 2,040-bp
promoter region of AhWRII1, located within an E-box, with a conserved
RY motif on the complementary strand recognized by seed-specific
transcription factors (Fig. 5m). In yeast one-hybrid assays, cloning of
the 52-bp sequence containing the RY and E-box motifs revealed that
the C-to-A mutation eliminated interaction with FUS3 (Fig. 5n). Inaddi-
tion, dual-luciferase assays showed that the promoter activity of the C
variant was significantly higher than that of the A variant, regardless
of combination with SK (P=4.14 x 107, n = 6) or FUS-SK (P=1.04 x10°%,
n = 6) (Fig. 50). This mutation affected binding with AhFUS3, leading
to variations in transcriptional activity and expression of the AhWRI1
genethatresulted in differencesin average oil content among varieties.

AhGSA1 gene for increased peanut seed size and weight

Seed size and weight are critical traits in peanut breeding, yet under-
standing of the natural causal variation underlying these traits remains
limited despite numerous identified QTLs. Through a GWAS, we
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identified 62 candidate SNPs on chromosome 16, spanning 130 genes  (ATT type) had anaverage thousand-grain weight of 490.82 g, whereas
(Fig.6a-d). These genesincluded chr.16.3093 (named AhGSAI),anno- 293 accessions of the Hap2 (AT type) exhibited a significantly higher
tated as glycosyltransferase, overexpression of which significantly — average thousand-grain weight of846.34 g (P=1.00 x 107%°) (Fig. 6g).In
increased grain size by modulating cell proliferation and expansion  addition, expression analysis showed that AhGSAI had high expression
inrice*’. Notably, an insertion-deletion within the promoter region levelsin peanut pods at all developmental stages but was not expressed
(660 bp from the transcription start site) of AhGSAI was identified intheseed coat (Supplementary Fig.23). The correlation between hap-
(Fig. 6e). RT-qPCR analysis of 30 small-seeded and 30 large-seeded  lotypes in the promoter region and expression levels suggested that
accessions further confirmed asignificant differenceinthe expression ~ AhGSAI contributesto variationin seed size and weight. Furthermore,
levels of Hapland Hap2 (Fig. 6f). Forty-two accessions classifiedasHapl ~ Hapl was predominantly found in the G2 (var. fastigiata) population,
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indicating differential selection among cultivated groups (Fig. 6h).
We cloned the 1,000-bp promoter sequence harboring the ATT or AT
mutation and demonstrated its ability to activate GUS reporter gene
expression. The GUS expression driven by the AT promoter was stronger
thanthatdriven by the ATT promoter (Fig. 6i). Subcellular localization
studies showed that AhGSA1 was localized to the cytoplasmic mem-
brane (Fig. 6j). Dual-luciferase analysis confirmed that AT promoter
activity was significantly greater thanthat of ATT (P=1.02x10™*,n=3)
(Fig. 6k), highlighting the importance of the insertion-deletionin the
promoter region for AhGSAI transcription.

Gene networks for lipids and anthocyanins in seed
development

Peanut seeds have a high oil content, accounting for approximately
50-80% of their weight. We performed integrated transcriptomic
and metabolomic analyses of S83 and S245 at five developmental
stages (Fig. 7a,b and Supplementary Tables 26-30). A total of 497
lipid metabolites were identified, including 300 glycerolipids, 153
glycerophospholipids, 24 sphingolipids and 18 fatty acids (Fig. 7c and
Supplementary Table 27). Clustering based on lipid content revealed
that S83 consistently had higher lipid levels than S245, especially dur-
ing later developmental stages (Fig. 7d). Lipid accumulation, which
is critical for seed development, is regulated by complex metabolic
pathways (Fig. 7e). Distinct accumulation patterns for lipid metabolism
were noted in both varieties, peaking at the end of stage S5 (Fig. 7f).
To identify key genes related to lipid metabolism, we conducted
weighted gene coexpression network analysis (WGCNA); this identi-
fied 11 coexpressed gene modules (Supplementary Fig. 24a,b). The
module most correlated with lipid metabolite content contained sev-
eral key genes, including those encoding fatty acid desaturase and
ketoacyl-ACP synthase, which are crucial for fatty acid biosynthesis
(Supplementary Table 28). Phylogenetic analysis of these enzymes
revealed evolutionary relationships that could explain their roles
in lipid biosynthesis (Supplementary Fig. 25a,b). Their expression
patterns matched metabolite level trends, peaking during develop-
ment (Fig. 7g).

Wealsoinvestigated anthocyanidin metabolism and identified 78
metabolites across eight classes (Fig. 7h and Supplementary Table 29).
Clustering showed that S83 had higher concentrations of petunidin,
malvidin, flavonoids and delphinidin, whereas S245 had more procya-
nidin, peonidin, pelargonidin and cyanidin (Fig. 7i). These metabolites
could influence differences in seed coat color between S83 and S245
(Fig. 7j,k). WGCNA identified key genes with expression levels that
were correlated with the abundances of differentially accumulated
metabolites during seed development (Supplementary Fig. 24c,d),
in particular, genes encoding the MYB and bHLH transcription fac-
tors, which are known to regulate anthocyanin biosynthesis'***?
(Supplementary Table 30). Phylogenetic analysis of these transcrip-
tion factors, including those previously reported, provided insights

into their evolutionary relationships and potential functional diver-
gence (Supplementary Fig. 25c,d). The expression patterns of these key
transcription factors were consistent with the accumulation trends of
anthocyaninmetabolites, implying rolesin the regulation of pigment
biosynthesis during seed development (Fig. 71).

Insummary, our analyses identified important genes involved in
lipid and anthocyanin biosynthesis during peanut seed development.
These genes may have central roles in determining oil content and
seed coat color and could thus represent targets for future studies
and crop improvement.

Discussion

T2T genome assemblies represent animportant advance in biological
studies and crop breeding. However, the peanut genome poses chal-
lenges owing to characteristics including allopolyploidy, high repeti-
tionrates and large size. Here we present six high-quality T2T genomes
of representative peanut accessions, following the path established for
the human genome*’ and model plants such as Arabidopsis***, rice*,
maize* and soybean*®. The asymmetricinsertion of TEs is crucial for
genomicshock. Ourresearchindicates that tetraploids show a higher
frequency of recent TE insertions in the At subgenomes compared to
the Bt subgenomes, along with TE deletions. Significant TE insertions
inthe At subgenomes occurred around 101,001-300,000 years ago,
probably facilitating environmental adaptation. TE-associated SVs
suggest that many originated from TE mobilization, affecting agro-
nomic traits such as pod size and oil content. Similar patterns have
been noted in cotton*’ and soybean®, in which asymmetric evolu-
tion of subgenomes is correlated with fiber characteristics, seed oil
content, weight and yield.

Optimal centromere length enhances chromosome alignmentand
stability, influencing effective recombination in cultivated varieties.
Phylogenetic analysis showed that the Agenome clusters at the base of
thetree, indicatingthatadiploid B species may have beenderived from
adiploid Aspecies.Inaddition, arecent expansion eventin the centro-
meric regions of the At subgenome was evident. These T2T genomes
facilitate deeper understanding of centromeric evolution in peanuts.

Understanding the relationship between SVs and domesticationis
vital for determining the genetic basis of adaptive traits. We identified
a13.23-Mb variety-specific SV on chromosome 14, which was present
inall G5 group accessions but only in 23% of G4 and 15% of G3 groups,
and absent fromthe G2 group. This SVincluded multiple genes related
to plant architecture, indicating a role in differentiation of G4 and G5
groups. Ongoing selection of key genes has contributed to the wide cul-
tivation and utilization of peanuts. Selected sweeps and introgression
analysis showed that the At subgenomes exhibited low differentiation
and high gene flow, whereas the Bt subgenomes had high differentia-
tionand low gene flow. This pattern suggests the occurrence of multiple
hybridization and introgression events in cultivated peanut varie-
ties, particularly affecting the Bt subgenomes. Haplotype variations

Fig. 5| Causal gene and haplotype controlling oil content. a, Genome-wide
screening of selective sweep regions using F; analysis (F-statistics). The top 1%
thresholdlineis at 0.57. b, Significant signals from a GWAS of oil-related traits
on chr. 8. Horizontal lines represent the significance threshold (P=6.26 x 107,
Bonferroni correction). ¢, LD block of a candidate peak with 200-kb upstream
and downstreamregions. d, Structure of the AhWRI1 gene and two variantsin
the promoter and the first exon. e, Significant difference in oil content between
the Hapl (range: 44.56-52.00%; n = 60) and Hap2 (range: 42.38-57.23%; n = 436)
accessions. Center line, median; box lower and upper edges, 25% and 75%
quartiles, respectively; whiskers, 1.5x interquartile range; colored dots, outliers.
f, The distribution of Hapl and Hap2 across different groups. g, Subcellular
localization of AhWRIL1. h, Accumulation of lipid droplets in rapeseed leaf
mesophyll cells overexpressing AhWRII. i, Confocal images of Nile red-stained
lipid droplets (LDs; green) in rapeseed leaves with the trans-AhWRI1 gene. j, Total
triacylglycerol contentin rapeseed leaves expressing AhWRIL. Quantitative data

are mean +s.e.m. n =9 biologically independent samples. k, Yeast one-hybrid
assays showing binding of AhWRII to the promoters of AhACP1 and AhKASI and
binding of AhFUS3, AhABI3 and AhLECI to the AhWRI1 promoter. 1, Dual-luciferase
assaysinN. benthamianaleaves showing that AhWRII activates the AhACPI and
AhKASI promoters, and that AhFUS3, AhABI3 and AhRLECI activate the AhWRI1
promoter; an empty reporter (no promoter) served as a negative control.
Quantitative data are mean + s.e.m. n =6 biologically independent samples.

m, Mutation site in the AhWRII promoter; the E-box motifis highlighted in

blue and the RY motifin pink. n, Yeast one-hybrid assay showing that the C-to-A
substitutioninthe AhWRII promoter abolishes interaction with AhFUS3. o,
Dual-luciferase assay comparing activities of the AhWRII promoters carrying the
Aor Callele. Quantitative data are mean + s.e.m. n = 6 biologically independent
samples. Pvalues were calculated by two-tailed Student’s ¢t-tests (e, j,iand 0).
TAG, triacylglycerol; TSS, transcription start site; UTR, untranslated region; WT,
wild type.
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Fig. 6 | Candidate gene associated with peanut seed size and weight.

a,b, Genome-wide scans for selective sweeps using XP-CLR test (threshold

line: 326.54) (a) and Fg; (threshold line: 0.58; F-statistics) (b). ¢, Significant
signals from GWAS of oil-related traits on chr. 16. Horizontal lines represent

the significance threshold (P= 6.26 x 107, Bonferroni correction). d, LD block
around the candidate peak within a200-kb interval. e, Gene structure and
promoter variant of AhGSAI. f, RT-qPCR analysis of AhGSAI expressionin

30 Hapland 30 Hap2 accessions. Quantitative dataare mean +s.e.m.n=3
biologically independent samples. g, Box plot showing significant differences in

T T
0800  GSA1-Hapl GSA1-Hap2

thousand-grain weight between Hap1 (range: 342-693; n = 42) and Hap2 (range:
342-1,563.64; n=293) accessions. Center line, median; box lower and upper
edges, 25% and 75% quartiles, respectively; whiskers, 1.5x interquartile range;
colored dots, outliers. h, Distribution of Hapland Hap2 across different groups.
i, Subcellular localization of AhGSAL. j, Histochemical GUS staining driven by the
Hapland Hap2 AhGSAI promoters. k, Dual-luciferase assay comparing Hapland
Hap2 promoter activities. Quantitative dataare mean + s.e.m.n = 3 biologically
independent samples. Pvalues were calculated by two-tailed Student’s t-tests
(gandk).

reflect domestication pathways. The var. fastigiata (G2+G3) has sig-
nificantly smaller seeds than var. hypogaea (G4+GS5). The small-seed
haplotype (Hapl) of AhGSAI was found only in var. fastigiata, whereas
the large-seed haplotype (Hap2) was found mainly in var. hypogaea.
Notably, although var. fastigiata traditionally has higher oil content,
the high-oil haplotype (Hap2) of AhWRI1 was predominantly found

in var. hypogaea, suggesting that modern breeding prioritizes both
yield and oil content.

We also conducted transcriptomic and metabolomic analyses of
two peanut varieties, S83 and S245, across five developmental stages
toinvestigate seed development. A total of 497 lipid metabolites were
detected, with S83 consistently exhibiting higher lipid contents than

Nature Genetics | Volume 58 | May 2026 | 1151-1163

1160


http://www.nature.com/naturegenetics

Article https://doi.org/10.1038/s41588-026-02577-z

c d

SPs 4.66%g S >64%

S83-S1R

S83-S2R

S$83-S3R

S$83-S4R

30.97% S83-S5R
GPs 38245-§’;R
245-S2R

g?:s% $245-S3R

S$245-S4R
S$245-S5R

N =497

LACs -2
ER -1
£a0s (o FATB )
CIB2ACP <X CIBNACP < C18:0-ACP <o CI6:0-ACP FATB

FATA FATA FATA PCH. /
FATB FATB FATB £

G-3-P CDP-Cho < = .CCIX- P-Cho << Cho PDH. [ 2

[ ER
( o] Jen \ PEAMT
c182 c181 c18:0 C16:0 LPA PC €M7 ER
' i | | vl e ER L2 &
Plastid I I = > P“ i’ DAG <5 FAD -20 @
nr.Ar T8 %
KAS

Acyl-CoA
Jaad TAG

CDP DA
rars)
PG P PDH Yo
20 \ene vorr) ARy -0903
DGDG €2~ 25 < pE = PDOH oy
»w g -085
‘3 Tm E sart -0808
\ P\P
500 < DA S BT EK en LAcs

Pl CDP-EA <= =/~ P-EA <—
0 // FAD
—_— EAD

Chloroplast """" FAD
Cytosol D

—1
RO
S
mggm

-
o =
2 3
&

0

[,

=

h Flavenoid
o ——
769% $83-S1P 2 . Naringenin
Cyanidin S83-52P IZ

Procyanidin

$83-53P -1 . ’
9.23% 21.54% 583-54P o Dihydrokaempferol 1
$83-S5P [ | B P
12315 $245-S1P - .. Delphinidin -0

Petunidin Delphinidin
16.92% ggﬁggg; _2 .- Delphinidin glucoside -~ -1

e i — B o
I, NS & & e
Malvidin AR P e IS @v‘z B %w‘z O

in S & F&& & g & o7 o o o5 o o o &
CR\ N Q N O AN X P P P & ’L“ DRI RN
N=78 E e Q 58 S LA AP

. PAL . C4H
-phenylalanine ————— trans-cinnamate 4-coumarat ACL 4-coumaroyl-CoA

) l_CHS DFR -0
Naringenin chalcone P450 _ 1
CHI P450 -2

5 F/5HIFS'H
F5H Eriodictyol ‘ Naringenin bHLH

Dihydrotricetin

F3H F3H F3H paso || 1
F3'5'H F3'5’HIF3'H P450 - 12 cIT
Dihydromyricetin Taxifolin Dihydrokaempferol P450 -10 @
3
o

DFR DFR DFR P450

Leucodelphinidin Leucocyanidin Leucopelargonidin MYB
ANS ANS 1 ANS MYB J-o9s

Proanthocyanidmsv Delphinidin Cyanidin Pelargonidin | UFGT _ 085
|

uone|II0D

P4
F30GT F30GT [ F30GT 50 L 075

Delphinidin glucoside Cyanidin glucoside Pelargonidin UFGT
glucoside

Nature Genetics | Volume 58 | May 2026 | 1151-1163 1161


http://www.nature.com/naturegenetics

Article

https://doi.org/10.1038/s41588-026-02577-z

Fig. 7| Transcriptomic and metabolomic analysis during seed development.
a,b, Seed diversity between two peanut subpopulations across five
developmental stages for S83 (a) and S245 (b). ¢, Lipid metabolites (497)
categorized into glycerolipids, glycerophospholipids, sphingolipids and fatty
acids. d, Clustered heatmap of the levels of four classes of lipid in S83 and S245
across five developmental stages. e, Schematic of lipid metabolic pathways, with
detected metabolites marked in bold black. f, Clustered heatmap displaying

the contents of metabolites involved in the lipid metabolism pathway for S83
and S245. g, Heatmap of expression levels of candidate lipid metabolism genes;
the correlation between gene expression and metabolite contents is indicated
inteal, and significance is denoted by the olive gradient. h, Anthocyanidin
contents of 78 metabolites with anthocyanins categorized into eight classes.

i, Clustered heatmap of eight classes of anthocyanidins in S83 and S245

across five developmental stages. j, Schematic of anthocyanidin biosynthesis
pathways, with detected metabolites marked in bold black. k, Clustered heatmap

displaying the contents of candidate metabolites contributing to the difference
in color between S83 and S245.1, Heatmap of the expression levels of candidate
anthocyanidin biosynthesis genes; the correlation between gene expression
and metabolite contents is indicated in teal, and significance is denoted by the
olive gradient. CD, cardiolipin; CDP-DAG, cytidine diphosphate diacylglycerol;
CDP-EA, cytidine diphosphoethanolamine; Cho, choline; DAG, diacylglycerol;
DGDG, digalactosyldiacylglycerol; EA, ethanolamine; ER, endoplasmic
reticulum; FAs, fatty acids; FFA, free fatty acids; G3P, glycerol-3-phosphate; GLs,
glycerolipids; GPs, glycerophospholipids; LPA, lysophosphatidic acid; MGDG,
monogalactosyldiacylglycerol; PA, phosphatidic acid; PC, phosphatidylcholine;
P-Cho, phosphocholine; PE, phosphatidylethanolamine; P-EA,
phosphoethanolamine; PG, phosphatidylglycerol; PG-P, phosphatidylglycerol
phosphate; Pl, phosphatidylinositol; PIP2, phosphatidylinositol
4,5-bisphosphate; PS, phosphatidylserine; SPs, sphingolipids; SQDG,
sulfoquinovosyldiacylglycerol; TAG, triacylglycerol.

S245. Using WGCNA, we identified several enzymes linked to lipid
metabolism, which were expressed at higher levels in S83. Furthermore,
distinctanthocyanin profiles corresponded to the seed coat colors of
S83 and S245. Differences in expression of the AhRt2 gene'', which
encodes a MYB transcription factor associated with testa color, sug-
gested arolein control of the color variation between these varieties.
Our findings highlight unique metabolic pathways and synthesis mech-
anisms that contribute to peanut seed development and coloration,
providinginsights into the molecular processes driving these traits.
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Methods

Plant materials

Detailed information about the 521 peanut accessions, including type
(wild, landrace and cultivated), ploidy (diploid and tetraploid), subspe-
cies (var. hypogaea and var. fastigiata), and variety (var. fastigiata, var.
vulgaris,var. hypogaea, var. hirsute, var. peruviana and var. aequatoriana)
used inthis projectis provided in Supplementary Table 19. Briefly, the two
diploid progenitors, V14167 and K30076, were A. duranensis (AA) and
A. ipaensis (BB) genotypes collected from the Guangxi Provincial Acad-
emy of Agricultural Sciences. Laiyang Silihong (S245, subspecies var.
fastigiata), arepresentative peanut variety known for its high seed count
(four seeds), was collected from Laiyang, Shandong Province, North
China. Chedouzi (HN873, subspecies var. vulgaris), alandrace acces-
sion, was collected from Nanchong, Sichuan Province, Southwest China.
Huayu23 (HN51, subspecies var. hypogaea) is awidely cultivated oil-type
peanut variety developed through hybridization and selection by the
Shandong Peanut Research Institute. Yunnan Rainbow Peanut (S83,
subspecies var. hirsute) was named for the color variations in its seed
coat. Theresearch presented here complied with the Nagoya protocol.

Genomic DNA extraction, library construction and sequencing
Twenty plants of each accession were grown at the Xiashan Experimen-
tal Base of the Peking University Institute of Advanced Agricultural
Sciences in Weifang, Shandong. Young leaf samples were collected
30 days after sowing, rapidly frozen in liquid nitrogen, and stored at
-80 °C for genomic DNA extraction using the cetyltrimethylammo-
nium bromide protocol. For PCR-free library preparation, 0.2 pg of
DNA per accession was used. Libraries underwent phosphorylation
and cyclization, generating DNA nanoballs that were sequenced on
the DNBSEQ-T7 platform at Novogene. High-molecular-weight DNA
for genome sequencing was isolated from A. duranensis, A. ipaensis
and four A. hypogaea cultivars, with paired-end libraries prepared
for DNBSEQ. For PacBio HiFi sequencing, genomic DNA was purified
and used to construct HiFi SMRTbell libraries, whereas ONT ultralong
sequencing libraries were prepared using a SQK-LSK110 ligation kit.

Hi-Clibrary construction and sequencing

The Hi-C library was constructed following a published method***. In
brief, library construction involved the following steps: cross-linking
of cells with formaldehyde, digestion of DNA with a suitable 4-cutter
restrictionenzyme (Dpnll), filling of ends and labeling with biotin, liga-
tion of theresulting blunt-end fragments, and purification and random
shearing of DNA into 300- to 500-bp fragments. Following quality
controland assessment using Qubit2.0 and an Agilent 2100 instrument
(Agilent Technologies) and qPCR, 150-bp paired-end sequencing of the
Hi-Clibrary was conducted on anIlllumina NovaSeq 6000 platform by
Berry Genomics.

RNA library construction and sequencing

Twenty replicate plants of each of the six accessions were grown in a
climate-controlled chamber at 25 °C with a 16-h light/8-h dark cycle.
Tissues at different developmental stages (Supplementary Table 6)
were sampled and frozen in liquid nitrogen. Total RNA was isolated
from different tissues of six accessions using TRIzol. RNA integrity
and quality were assessed withaNanoDrop 2000 and an Agilent 2100
Bioanalyzer. For lllumina sequencing, libraries were generated using
a NEBNext Ultra RNA Library Prep Kit and sequenced on an lllumina
platform, producing 150-bp paired-end reads. For Iso-Seq, high-quality
RNA (2 pg) from all developmental stages was used to construct the
PacBio SMRTbell library, followed by purification and size selection
before sequencing onthe Sequel Il system.

Genome assembly, gap closure and polishing
AflowchartforthegenomeassemblyisshowninSupplementaryFig. 26.
Raw sequencing reads were processed with fastp (v.0.22.0)** to remove

adapters and low-quality sequences. Hi-C data were classified into
valid interaction pairs using HiC-Pro (v.2.11.1)*. Genome sizes for
V14167,K30076,S245,HN873, HN51and S83 were estimated based on
17-mers derived from Illumina data. Hifiasm (v.0.19.5)** was used to
generate preliminary assemblies from long HiFi reads and valid Hi-C
reads, and valid Hi-C data were used to anchor large contigs (>1 Mb)
onto chromosomal scaffolds with the 3D-DNA pipeline®. We validated
the anchored scaffolds with Tifrunner? genome as reference using
NUCmer*” and assembled ONT datainto contigs and filled gapsin the
preliminary assembly with NextDenovo*®. The assembled scaffolds
were further polished using NextPolish (v.1.4.1)*’ software on lllumina
and HiFireads, and the polished scaffolds were used for gap filling
with TGS-GapCloser (v.1.2.1)°° and PGA (v.1.0)°". Finally, the six peanut
genome assemblies were polished using T2T-polish (v.1.0)* with the
automated-polishing option. After genome polishing, we generated
six T2T peanut genomes.

Identification of telomere and centromere regions

The VGP telomere pipeline (https://github.com/VGP/vgp-assembly)
was used to identify telomeres for telomere determination. This
involved adirect search for the telomere sequence 5-CCCTAAA-3’ and
itsreverse complement. We used the CentroMiner module of QuarTeT
(v.1.0.4)% to identify centromere regions for each chromosome. To
validate the centromere regions, we performed chromosomalinterac-
tionstrength analysis using HiC-Pro (v.2.11.1)*. Inaddition, we mapped
the verified 116-bp repeat unit in peanut onto the genome using Lastz
(v.1.04.22)°* to identify telomere positions.

Assembly assessment

For assembly assessment, genome accuracy was evaluated by
aligning lllumina reads and the long reads (HiFi and ONT) to the six
peanut genomes using BWA-MEM (v.0.7.17-r1188)“° and minimap2
(v.2.24-r1122)%. The quality of the genome assembly was assessed by
calculating the Merqury quality value using the Merqury 21-mer data-
base, incorporating both Illumina PCR-free and PacBio HiFireads. The
completeness of the six genomes was assessed by BUSCO analysis with
the embryophyta_odbl10 database using BUSCO (v.5.4.3)*. Further-
more, LAl values were calculated for evaluation of the accuracy and
completeness of LTRretrotransposonsin the assembled genomes using
LTR_FINDER (v.1.1)¥, Itrharvest (v.1.6.2)°® and LTR _retriever (v.2.9.0)%’
incombination. Collinear regions and SVs were identified viaNUCmer
(v.3.1)” and SyRI (v.1.5.3)*.

TE annotation

RepeatModeler was used for de novo prediction of the repetitive
elements of the genome assemblies, and genome TEs were identi-
fied with RepeatMasker (v.4.1.4)"°. To precisely classify the LTR retro-
transposons, TEsorter (v.1.4.6)” was used for further analysis of the
LTR retriever (v.2.9.0)*° results. REXdb (http://repeatexplorer.org/)
was used toimprove the sensitivity of the results.

Identification of genetic variants

Toidentify SVs, we generated two sets of SVs, calling results using SyRI
(v.1.2)* and SVMU (v.0.4-alpha)?, both with default parameters. For
SV detection using SyRI (v.1.2)*, pairwise genome alignments were
first generated using minimap2 (v.2.21-r1071)*° with the -ax asm5-eqx’
parameters. Theresulting alignment files were then processed by SyRI
(v.1.2)*, withaminimum size threshold of 50 bp. For SV detection with
SVMU (v.0.4-alpha)”, intergenomic alignments were generated using
the nucmer program in MUMmer4 (v.4.0.0beta2)* with the ‘-mum’
parameter. Insertions and deletions larger than 50 bp inside syntenic
alignment regions were also kept for further analysis. For CNVs, we
applied a filter from the SVMU output based on length (>50 bp) and
coverage criteria (reference or query coverage >2 or <0.5). Inversions
greater than 1 Mb were extracted from the SyRI results and manually
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verified. Finally, the identified SVs from each sample were merged
using SURVIVOR (v.1.0.6)"* with the following parameters: ‘501000 0".

Gene prediction and functional annotation

A combination of ab initio, homology and RNA-seq prediction was
used to annotate protein-coding genes. For ab initio gene predic-
tion, Augustus (v.3.5.0)” and GlimmerHMM (v.3.0.4)™ were used to
construct the highest-confidence gene models. Protein sequences of
A. duranensis and A. ipaensis”, A. hypogaea?, Helianthus annuus L.”,
Glycine max™, Brassica rapa ssp.” and Lupinus albus™ were used to
predict homologous genes. Liftoff (v.1.6.3)”” was used to annotate the
candidate genome by referencing the published Tifrunner’genome and
annotation files. For RNA-seqannotation, we sequenced various devel-
opmental stages using lllumina technology. For second-generation
sequencing, reads were aligned to the reference genome assembly
using HISAT2 (v.2.1.0)*° with default parameters, BAM files were
merged with SAMtools (v.1.16.1)*, and transcripts were assembled
with StringTie (v.2.2.1)*? to produce GTF files. The longest transcripts
were extracted using TransDecoder (v.5.5.0) software and compared
to the UniProt_SwissProt database for optimal alignment to gener-
ate high-confidence GFF3 files. In addition, transcriptome data were
denovo assembled using Trinity (v.2.1.1)**, The assembled transcripts
were thenaligned to the genome, and gene models were built using the
PASA (v.2.5.2)% pipeline. Full-length transcriptome analysis was con-
ducted usinglso-Seq3 (v.3.8.2) (https://github.com/PacificBiosciences/
IsoSeq) and CD-Hit (v.4.8.1)® to perform transcript deduplication
with parameters -c 0.90 -d 40 -M 256000 -U 10 -p1-G1-s 0.90. After
completionofthese steps, the generated gene models were integrated
using EVidenceModeler (v.2.1.0)%. The weights assigned to each type
of evidence were: Liftoff homology-set (weight: 10); ISO-set (weight:
10); TransDecoder (weight: 8); PASA (weight: 5); Ab-set (weight: 2);
Homology-set (weight: 1). In addition, we enhanced gene function
annotation by integrating data from the NCBI nonredundant pro-
tein database (https://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/), Pfam
database®, InterProScan database® and Swiss-Prot database®’. GO term
annotations and protein domains were obtained using InterProScan®,
and KEGG annotations were performed with kofam_scan-1.3.0 using
parameter -e ‘le-5’

Resequencing and population structure analysis

Atotal of 521 accessions were selected for whole-genome resequencing,
including 23 wild species, 131 landraces and 367 cultivated peanuts.
The raw reads were filtered using Trimmomatic (v.0.36)°° and then
mapped to the reference genome (S245, silihong) using BWA-MEM
(v.0.7.17-r1188)%. Variants were then identified using HaplotypeCaller
and GenotypeGVCFs tools in the Genome Analysis Tool Kit (v.3.8)"".
The obtained SNPs were filtered using the VariantFiltration option
with ‘QD <2.0 || FS > 60.0 || MQ < 40.0 || MQRankSum < -12.5 || Read-
PosRankSum <-8.0". The filtered SNPs were used for the population
structure analysis. We constructed a neighbor-joining phylogenetic
tree using TreeBeST (v.1.9.2)”*and visualized the tree topology using R
package ggtree (v.3.4.4)°>. PCAwas conducted using PLINK (v.1.9)°*. To
estimate the ancestry proportions of each individual and quantify the
genome-wide admixture, we used ADMIXTURE (v.1.3.0)* toinfer K =2
to K =15clusters of related individuals. The optimal number of groups
was determined by calculating the cross-validation error. Nucleotide
diversity () in100-kb nonoverlapping sliding windows was calculated
using VCFtools (v.0.1.17)°°. The LD decay among the different groups
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was calculated using PopLDdecay (v.3.40)”.

Inference of demographic history by coalescent simulation

Combining the phylogenetic tree and population structure results,
we inferred the demographic scenarios of the four cultivated groups
using fastsimcoal2 (v.2.8)%. Four-fold degenerate synonymous sites
(4DTv) were filtered using VCFtools (v.0.1.17)°°, and easySFS was used

to convert the VCF data into various SFS formats. We then used these
SFS data to fit five demographic models with options ‘-N 200,000
-m-0-L 50 -M-q -s 0’ and default settings. Wide search ranges with
log-uniformdistributions were used for parameter estimation, assum-
ing ageneration time of 1 year and amutation rate of 1.64 x 10 muta-
tions per generation per site. Finally, 100 independent fastsimcoal2
(v.2.8)* runs were performed for eachmodel to determine the param-
eter estimates leading to the maximum likelihood and to identify the
best-fitting model.

Selective sweep analysis

The Fs;and XP-CLR test were employed to detect selective signatures
between different groups. The F¢; was calculated in 100-kb sliding
windows withastep size of 10 kb using VCFtools (v.0.1.17)?. The XP-CLR
(v.1.1.2)°*” method (with command line -w1 0.0005100 100 1-p 0 0.7)
was used to scan each chromosome in 100-kb sliding windows with a
step size of 10 kb. The top 1% of genomic regions with the highest scores
in both the Fi; and XP-CLR analyses were considered to be potential
selectionregions.

Whole-genome analysis of genomic introgression

Genomic introgression was estimated at the population level. A
four-taxon fd statistic'°” was used to identify genomic segments intro-
gressed between different groups. Inthe absence of gene flow, the ABBA
and BABA allele configurations in the four-taxon tree (((P1, P2), P3), O)
would be expected to occur with equal frequency. Gene flow between
groupswould resultin an excess of ABBA allelesrelative to BABA alleles,
detectable using the fd statistic. The fd statistics were calculated in
100-kb sliding windows with a step size of 10 kb using Python script
ABBABABAwindows.py (https://github.com/simonhmartin/genom-
ics_general). Windows with fewer than three informative SNPs (neither
ABBA nor BABA) were excluded. Windows with negative Patterson’s
D-statistic values (closely related to the fd statistic) and those with fd > 1
were also excluded. The top 1% of introgressed regions were retained
for further gene selection and enrichment analysis.

GWAS analysis and candidate gene identification
Toobtainaccurate genetic phenotypes (Supplementary Table 32), we
usedanR (v.4.3.1) scriptinthe Ime4 package (https://cran.r-project.org/
web/packages/Ime4/) to calculate best linear unbiased prediction val-
ues, withlocationand year asrandom effectsin the model: Imer (phen
otypes-~(1|/loc) + (1lyear) + (1/lines) + (1year: lines). The best linear unbi-
ased prediction values were used as individual phenotypes for GWAS
analysis using the GAPIT (v.3.5)'”' R package. The first two principal
components were regarded as covariates, and the kinship matrix was
internally computed using GAPIT (v.3.5)'°". The genome-wide signifi-
cance threshold for association was set to 1/n, where nrepresents the
number of markers. According to PopLDdecay (v.3.40)" results, only
LD blocks containing at least one significant SNP and one suggested
SNP were considered to be significant loci. Functional annotation was
performed for each candidate gene associated with these significant
loci,and homologs from the model species (rice) were identified using
BLASTP. Gene haplotype analysis was conducted using population
data, and the relationship between haplotypes and phenotypes was
used to finalize the candidate genes.

Metabolite profiling

Seed coat and kernel were harvested at five developmental stages
(DAF15, DAF30, DAF45, DAF60 and DAF75) for the S245and S83 acces-
sions, with three biological replicates per stage. Samples were imme-
diately frozen in liquid nitrogen and stored at —80 °C. Lipids were
extracted using methanoland MTBE, and analyzed via liquid chroma-
tography coupled with electrospray ionization tandem mass spectrom-
etrywithaThermo Accucore C30 column. Anthocyanins were extracted
withmethanol/water/HCland analyzed using ultra-performance liquid
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chromatography coupled with electrospray ionization tandem mass
spectrometry. Both lipid and anthocyanin contents were measured
with MetWare on the AB SCIEX QTRAP 6500 platform.

Weighted gene coexpression network analysis

For RNA-seq analysis, total RNA from seed coat and kernel at five
developmental stages was extracted and subjected to quality con-
trol for library construction. lllumina reads were filtered to remove
adaptor sequences, empty reads and low-quality reads (Q < 20) using
FASTX-toolkit. Clean reads were aligned to the S245 reference genome
with HISAT2 (v.2.1.0)%. Read counts were calculated using HTSeq
(v.2.0.3)'°?,and gene expression levels were estimated as FPKM values.
WGCNA was performed using the WGCNAR package (v.1.72)'%, exclud-
ing genes with average expression less than 1. The expression matrix
of metabolites was log-transformed for network analysis, with a soft
thresholding power of 16 for peanut kernels and six for seed coats.
Modules were identified and merged based on topological overlap.
Genes were clustered into modules with a minimum size of 50, and
modules were merged withaheight threshold of 0.25 using the dynamic
tree-cutting method. Relationships between modules and metabolite
contents were assessed using module eigengenes and Pearson cor-
relation coefficients. Differential metabolites were analyzed using
correlation coefficients and P values to select genes and metabolites
with high expression correlation for further study.

Subcellular localization

The CDSs of AhWRI1 and AhGSAI without stop codons were cloned into
the pCAMBIA1302 vector using a ClonExpress Il One Step Cloning Kit
(C112, Vazyme Biotech). The primers used for these assays are listed
inTable 31. The recombinant constructs and the empty vector control
were introduced into Agrobacterium tumefaciens strain GV3101 using
the freeze-thaw method. Agrobacterium cultures were prepared and
infiltrated into Nicotianaleaves. GFP fluorescence was observed 48 h
afterinfiltration using a Nikon laser-scanning confocal microscope.

Dual-luciferase and GUS assays

Promoter fragments of AhWRI1 (350 bp upstream of ATG), AhACP1
(265bp), AhKASI (312 bp) and AhGSA1 (660 bp; Hapland Hap2alleles)
were amplified and cloned upstream of the firefly luciferase (LUC)
gene in the reporter vector pGreenll 0800-LUC, which contains a
35S-driven Renillaluciferase (REN) cassette as an internal control. For
the SNP assay, a 52-bp fragment spanning the C/A polymorphism in
the AhWRI1 promoter was similarly cloned into pGreenll 0800-LUC.
Full-length CDSs of AhFUS3, AhABI3, AhLECI and AhWRII were cloned
into effector vector pGreenll 62-SK under the CaMV 35S promoter.
Reporter and effector constructs were transformed into A. tumefaciens
GV3101, adjusted to an optical density at 600 nm of 0.6-0.8, and coin-
filtrated into Nicotiana benthamianaleaves at a1:1 (v/v) ratio. Leaves
were harvested 48 h afterinfiltration,and LUC and REN activities were
measured using a Dual-Luciferase Reporter Assay Kit (Beyotime).
Promoter activity was expressed as the LUC/REN ratio. For GUS assays,
the Hapland Hap2 AhGSA1 promoter fragments (660 bp upstream of
ATG) were cloned into GUS reporter vector pPCAMBIA1381, and GUS
activity was assessed by histochemical staining. The relevant primers
areshownin Table 31.

Real-time qPCR Assay

gPCR reactions were performed on a QuantStudio 5 (Thermo Fisher
Scientific) using Hieff qPCR SYBR Green Master Mix (Low Rox Plus,
11202ES03). The primers used for the RT-qPCR assays are listed in
Table 31. The thermal cycling conditions were as follows: initial denatur-
ationat 95 °Cfor10 min, followed by 40 cycles of 95 °Cfor15 sand 60 °C
for1 min. Melt curve analysis was conducted to verify the specificity of
the amplification; three biological replicates were set for each gene.
Relative gene expressionlevels were calculated using the 272*“method.

Yeast one-hybrid analysis

Protein-DNA interactions were tested using a Matchmaker Gold
Yeast One-Hybrid System (Takara Bio/Clontech, catalogue number
630491). Promoter fragments of AhWRI1, AhACP1 and AhKASI (350 bp,
265 bp and 312 bp upstream of ATG, respectively) were cloned into the
pADbAi vector and integrated into the genome of the YIHGold yeast
strain to generate bait reporter strains. Each bait strain was tested for
self-activation, and the minimal inhibitory concentration of aureobasi-
din Awas determined. Full-length CDSs of AhFUS3, AhABI3, AhLECI and
AhWRII were cloned into the pGADT7-AD vector (prey). The relevant
primers are shown in Table 31. Prey plasmids were transformed into
the corresponding bait strains, and transformants were selected on
SD/-Leu medium supplemented with aureobasidin A. Colony growth
onselective plates indicated a positive interaction.

Transmission electron microscopy sample preparation

Leaf tissues were vacuum infiltrated with glutaraldehyde fixative for
1h and fixed overnight at 4 °C. Samples were washed 3 times in 0.1 M
phosphate buffer (15 min each), post-fixed in osmium tetroxide for
4 h, washed in phosphate buffer 3 times (15 min each) and stained
with 1% uranyl acetate for 1 h. Samples were then dehydrated through
agraded ethanol series (30%, 50%, 70%, 90% and 100%; 25 min each)
andincubatedin propylene oxide for1h. Tissues were infiltrated with
agraded resin series (3 changes, 4 h each), followed by 2 changes of
pureresin (8 heach), and polymerized at 60 °C for 48 h.

Nile red staining

After Agrobacteriuminfiltration, rapeseed and soybean leaf discs were
collected and fixed with paraformaldehyde in 1x phosphate-buffered
saline. Nile red (dissolved in dimethyl sulfoxide) was diluted in 1x
phosphate-buffered saline to a final concentration of 4 pg ml™ for
lipid droplet staining. Leaf discs wereimaged immediately usinga Leica
TCS SP8 confocal fluorescence microscope. The excitation wavelength
was 488 nm, and emission was collected at 560-620 nm. Images were
acquired as z-stacks comprising 10 optical sections. The field of view
was161.7 x 161.7 um. Lipid droplets were quantified using ImageJ, and
counts were normalized to area (number of LDs per mm?). Images were
obtained from three biological replicates.

Gravimetriclipid determination

Briefly, 25 mg of dried mature seeds were weighed to +0.01 mgon a
semimicroanalytical balance (Mettler Toledo) and ground in 0.5 ml
of hexane/isopropanol (6:4, v/v); the extract was brought to 2 mlwith
the same solvent. Samples were vortexed for 2 min and sonicated for
15 minatroomtemperature. Anaqueous sodium sulfate solution (1 ml)
was added, and samples were vortexed and centrifuged at 1,500g for
5 mintoseparate phases. The lower phase was reextracted 3 times with
2 ml of hexane/isopropanol (6:4, v/v). Upper phases were combined,
transferred to clean glass tubes and evaporated under oxygen-free
nitrogen to constant weight. Oil content was calculated as the extracted
lipid mass divided by the initial seed dry weight. For each genotype,
threebiological replicates were analyzed.

Statistical analyses

Statistical analyses were performed in R (v.4.1.3) using two-tailed Stu-
dent’s t-tests. For the biochemical and molecular biology analyses, at
least three biological replicates were used for each sample.

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

Data availability
The genome assembly data for this project have been deposited in
the National Center for Biotechnology Information (NCBI) database
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under BioProjectaccession code PRJNA1259200 and with the National
Genomics Data Center, Beijing Institute of Genomics, Chinese Acad-
emy of Sciences, under BioProject accession code PRJCA026588. The
genome assembly and annotation are also available from the Peanut
Genome Database (http://omicsplant.cn/peanut) hosted by the Peking
University Institute of Advanced Agricultural Sciences and via figshare
at https://figshare.com/articles/dataset/T2T_genome_assembly_in_
peanut/28883636 (ref. 104). All raw sequencing data for the genome
assemblies and annotations, transcriptome and PacBio Iso-Seq reads,
and whole-genome sequence data for the populationand GWAS analy-
ses have been deposited inthe NCBI database under BioProject acces-
sion code PRJNA1259747. Source data are provided with this paper.

Code availability

No custom code or mathematical algorithm was used in this work.
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Institute of Advanced Agricultural Sciences and Figshare (https://figshare.com/articles/dataset/T2T_genome_assembly_in_peanut/28883636). All raw sequencing
data for the genome assemblies and annotations, transcriptome and PacBio Iso-Seq reads, and whole-genome sequence data for the population and GWAS
analyses have been deposited in the National Center for Biotechnology Information (NCBI) database under BioProject number PRINA1259747.

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  N/A
other socially relevant

groupings

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.
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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 We used 6 peanut accessions for genome assembly and 521 accessions collected worldwide for population genetics analysis.
Data exclusions  No data was exclude.

Replication Three biologically independent samples were used for transcription and gRT-PCR analysis.

Randomization | Arandomized complete block design was used in planting for phenotype data collected in four growing seasons.

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 Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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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:

Yes
[ ] Public health

|:| National security
|:| Crops and/or livestock
|:| Ecosystems
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|:| Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:
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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
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Any other potentially harmful combination of experiments and agents

Plants

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.

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-

Authentication Describe-any-atithentication-proceduresfor-each-seed-stock-used-ornovel-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.
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