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Abstract 1 

Cultivated peanut (Arachis hypogaea L.) is one of the most widely grown oilseed crops worldwide, 2 

however the events leading to its origin and diversification are not fully understood. Here, by 3 

combining chloroplast and whole genome sequence data from a large germplasm collection, we 4 

show that the two A. hypogaea subspecies (hypogaea and fastigiata) likely arose from distinct 5 

allopolyploidization and domestication events. Peanut genetic clusters were then differentiated in 6 

relation to dissemination routes and breeding efforts. A combination of linkage mapping and 7 

genome-wide association studies allowed us to characterize genes and genomic regions related to 8 

main peanut morpho-agronomic traits, namely inflorescence architecture, inner integument color, 9 

growth habit, pod/seed weight, and oil content. Together, our findings shed light on peanut 10 

evolutionary history and provide an important genomic framework resource for the genetic 11 

improvement of this crop.  12 

Introduction 13 

Cultivated peanut or groundnut (Arachis hypogaea L.) is a sustainable and affordable source of 14 

edible oil and proteins, which globally yields 54 million tons from a cultivated area of 32 million ha 15 

(http://www.fao.org/faostat, 2020). Its allotetraploid nature (genome AABB, size ~2.7 Gb) is thought 16 

to arise from the polyploidization of an interspecific hybrid between two of the 81 wild species 17 

currently described in the genus Arachis, A. duranensis Krapov. and W.C. Gregory (genome AA, 18 

size ~1.25 Gb, female parent) and A. ipaënsis Krapov. and W.C. Gregory (genome BB, size ~1.56 19 

Gb, male parent) (Seijo et al. 2007; Carvalho et al. 2020).    20 

A. hypogaea is commonly assumed to be domesticated from the wild tetraploid progenitor A. 21 

monticola, most probably in a region now encompassing part of Southern Bolivia and Northern 22 

Argentina (Krapovickas, 1968; Seijo et al. 2007; Yin et al. 2018; Zhuang et al. 2019). The first 23 

archaeological evidence of peanut cultivation traces back to 7,600 years ago (Dillehay et al. 2007). 24 

In the 16
th

 century, peanut cultivation diffused from South America to other regions of the world 25 

through the Portuguese and the Spanish explorers (Stalker & Wilson, 2016a). Nowadays, peanut is 26 

grown in more than 100 countries, with China being the first for production and India the first for 27 

cultivated area.   28 

A. hypogaea is a self-pollinating species characterized by low levels of genetic variation, as 29 

the result of a series of domestication bottlenecks (Varshney et al. 2009; Mallikarjuna & Varshney, 30 

2014); nonetheless it displays large morphological variation. The absence or presence of flowers 31 

on the main axis, and the flowering pattern, alternate or sequential, are at the basis of the 32 

classification of A. hypogaea in two subspecies, A. hypogaea subsp. hypogaea (Ahh), and A. 33 

hypogaea subsp. fastigiata (Ahf) (Krapovickas and Gregory 1994). Additional traits led to the 34 

distinction of two botanical varieties within Ahh (var. hypogaea and var. hirsuta) and four within Ahf 35 
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(var. fastigiata, var. vulgaris, var. aequatoriana and var. peruviana) (Krapovickas and Gregory 1 

1994). Breeding resulted in hybridization among these taxa and thus irregular morphologies. Today, 2 

a widely used peanut classification is in accordance with five main market types (Virginia, Runner, 3 

Peruvian Runner, Valencia, and Spanish) (Stalker & Wilson, 2016b). Analysis of genetic structure 4 

resulted in clustering patterns approximately in accordance with both classifications (Zheng et al. 5 

2018; Otyama et al. 2019). 6 

Recently, the International Peanut Genome Initiative (IPGI) and two other research groups 7 

announced the release of cultivated peanut genome assemblies (Bertioli et al. 2019, Chen et al. 8 

2019 and Zhuang et al. 2019), thus paving the way to in-depth exploration of peanut genetic 9 

diversity. Here, we performed chloroplast and whole genome sequencing of global peanut 10 

germplasm panels, aiming to define the peanut genetic structure and evolutionary history. Mapping 11 

approaches based on a genome-wide association study (GWAS) and recombinant inbred line (RIL) 12 

populations derived from bi-parental crosses were used to identify genomic regions and genes 13 

underlying key traits associated with peanut diversification, domestication and breeding.  14 

Results   15 

Sequencing and genotyping  16 

Chloroplast de-novo sequencing was performed on 36 wild Arachis accessions (34 diploid Arachis 17 

accessions and two tetraploid species A. monticola) and a selection of 77 cultivated accessions 18 

that, based on the USDA taxonomic descriptors (Pittmann, 1995), could be unambiguously 19 

assigned to A. hypogaea subspecies and botanical varieties (Supplementary Tables 1 and 2). The 20 

length of the assembled chloroplast genomes ranged between 156,258 and 160,366 bp 21 

(Supplementary Table 3). In total,1,884 polymorphisms were found between the 113 assembled 22 

chloroplast genomes. Most of the polymorphic sites occurred between wild and cultivated peanuts, 23 

whereas only 14 polymorphisms were found within A. hypogaea (Supplementary Table 4). Eight 24 

additional polymorphic sites were found in a panel including, besides A. hypogaea, accessions 25 

representing six wild species of the AA genome section (Supplementary Table 4). Sanger 26 

sequencing and Kompetitive allele specific PCR (KASP) assays (Semagn et al. 2014) allowed the 27 

validation of four randomly chosen chloroplast polymorphisms detected by de-novo sequencing 28 

(Supplementary Fig. 1 and Supplementary Table 5). 29 

Whole genome resequencing (WGR) was performed on two A. monticola and 353 A. hypogaea 30 

accessions originating from different countries (Fig. 1a and Supplementary Tables 1 and 2), 31 

resulting in 155.17 billion reads and 14.12 terabase pairs (Tb) of clean data. Alignment against the 32 

peanut cv. Tifrunner genome assembly (Bertioli et al. 2019) resulted in unique mapped reads 33 

associated with 29.00x mean depth and 88.12% genome coverage (Supplementary Table 6). In 34 

total, 864,179 SNPs and 71,052 InDels were obtained after quality control. About 40% of the 35 

variants were located on the first 10 chromosomes (corresponding to the A sub-genome), resulting  36 



A.h.subsp.hyp.var.hyp

A.h.subsp.hyp.var.hir

A.mon

A.h.subsp.fas.var.per

irregular fas-type

A.h.subsp.fas.var.fas

A.h.subsp.fas.var.vul

irregular hyp-type

A.h.subsp.fas.var.vul

A.h.subsp.fas.var.fas

A.h.subsp.hyp.var.hir

A.h.subsp.hyp.var.hyp

A.h.subsp.fas.var.per

A.mon N640 hyp

N650 hyp

N631 hyp

N656 hyp

N658 hyp

N632 hyp

N671 hyp

N651 hyp

N672 hyp

N603 hyp

N652 hyp

N557 hyp

N662 hyp

N635 hyp

N636 hyp

N637 hyp

N669 hyp

N677 hyp

N660 hyp

N633 hyp

N492 hyp

N643 hyp

N681 hyp

N525 hyp

N521 hyp

N629  hyp

N506 hir

N675 hir

N614 hir

N663 hir

N666 hyp

N487 hyp

N648 hyp

N594 hyp

N628 hyp

N670 hyp

N685 hyp

N644 hir

N649 hyp

N639 hyp

N627 hyp

N682 hyp

N532 hir

N496 hyp

N507 hir

N426 vul

N464 vul

N524 vul

N692 vul

N417 vul

N458 vul

N459 vul

N429 vul

N443 vul

N456 vul

N448 vul

N476 vul

N601 vul

N405 vul

N576 vul

N477 vul

N742 vul

N553 vul

N457 vul

N474 vul

N466 vul

N530 vul

N618 fas

N741 fas

N608 fas

N479 fas

N468 fas

N438 fas

N483 fas

N505 fas

N517 per

N733 per

H07 wild

H10 wild

98.1

100

100

100

100

100

100

85.7

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

99.3

100

100

100

99.9

100

92.1

100

100

100

100

100

100

100

100

100

100

100

100

100

100

99.9

100

100

100

100

100

100

100

100

100

100

83.1

100

100

99.9

100

100

100

100

100

100

100

100

86.5

100

A.h.subsp.fas.var.vul

A.h.subsp.fas.var.fas

A.h.subsp.hyp.var.hir

A.h.subsp.hyp.var.hyp

A.h.subsp.fas.var.per

A.mon
diploid wild arachis species

A.dardonoi GK12946 HH
A.pusilla PI497572 HH

 A.rigonii PI262142 PP
A.paraguariensis PI468155 EE
A.decora PI681080 unknown
A.benensis PI475877 F
A.glandulifera PI468336 DD
A.ipaensis PI468322 BB
A.batizocoi PI298639 KK
A.batizocoi PI468325 KK

 A.stenosperma PI338280 AA
A.paraguariensis PI262842 EE
A.simpsonii PI688957 AA
A.duranensis PI475844 AA
A.correntina PI210554 AA
A.duranensis PI475847 AA
A.villosa PI298636 AA

 A.chiquitana PI476006 AA
A.herzogii PI476008 AA
A.kuhlmannii PI681082 AA
A.duranensis PI468323 AA
A.duranensis PI468321 AA
A.benthamii PI468162 AA
A.duranensis PI475887 AA
A.duranensis PI468324 AA
A.glabrata PI468366 RR
A.duranensis PI468198 AA
A.stenophylla PI468178 EE
A.diogoi PI276235 AA
A.duranensis PI475883 AA
A.monticola PI263393 AABB
A.monticola PI219824 AABB
A.hyp.sbsp.hyp.var.hyp N685 AABB
A.hyp.sbsp.hyp.var.hyp N682 AABB
A.hyp.sbsp.hyp.var.hyp N672 AABB
A.hyp.sbsp.hyp.var.hyp N666 AABB
A.hyp.sbsp.hyp.var.hyp N656 AABB
A.hyp.sbsp.hyp.var.hyp N648 AABB
A.hyp.sbsp.hyp.var.hyp N646 AABB
A.hyp.sbsp.hyp.var.hyp N635 AABB
A.hyp.sbsp.hyp.var.hyp N631 AABB
A.hyp.sbsp.hyp.var.hyp N603 AABB
A.hyp.sbsp.hyp.var.hir N532 AABB
A.hyp.sbsp.hyp.var.hyp N677 AABB
A.hyp.sbsp.hyp.var.hyp N651 AABB
A.hyp.sbsp.hyp.var.hir N614 AABB
A.hyp.sbsp.hyp.var.hyp N487 AABB
A.hyp.sbsp.hyp.var.hyp N525 AABB
A.hyp.sbsp.hyp.var.hyp N650 AABB
A.hyp.sbsp.hyp.var.hyp N671 AABB
A.hyp.sbsp.fas.var.vul N530 AABB
A.hyp.sbsp.hyp.var.hyp N594 AABB
A.hyp.sbsp.hyp.var.hyp N629 AABB
A.hyp.sbsp.hyp.var.hyp N633 AABB
A.hyp.sbsp.hyp.var.hyp N639 AABB
A.hyp.sbsp.hyp.var.hir N644 AABB
A.hyp.sbsp.hyp.var.hyp N652 AABB
A.hyp.sbsp.hyp.var.hyp N521 AABB
A.hyp.sbsp.hyp.var.hyp N662 AABB
A.hyp.sbsp.hyp.var.hyp N492 AABB
A.hyp.sbsp.hyp.var.hyp N636 AABB
A.hyp.sbsp.hyp.var.hyp N670 AABB
A.hyp.sbsp.hyp.var.hir N507 AABB
A.hyp.sbsp.hyp.var.hyp N557 AABB
A.hyp.sbsp.hyp.var.hyp N627 AABB
A.hyp.sbsp.hyp.var.hyp N632 AABB
A.hyp.sbsp.hyp.var.hyp N637 AABB
A.hyp.sbsp.hyp.var.hyp N643 AABB
A.hyp.sbsp.hyp.var.hyp N649 AABB
A.hyp.sbsp.hyp.var.hyp N660 AABB
A.hyp.sbsp.hyp.var.hyp N669 AABB
A.hyp.sbsp.hyp.var.hyp N681 AABB
A.hyp.sbsp.fas.var.vul N524 AABB
A.hyp.sbsp.hyp.var.hyp N628 AABB
A.hyp.sbsp.hyp.var.hyp N658 AABB
A.duranensis PI219823 AA
A.archeri PI604844 AA
A.duranensis PI468202 AA

 A.duranensis PI468201 AA
A.hyp.sbsp.hyp.var.hir N675 AABB
A.hyp.sbsp.hyp.var.hir N506 AABB
A.hyp.sbsp.hyp.var.hir N663 AABB
A.hyp.sbsp.fas.var.per N517 AABB
A.hyp.sbsp.fas.var.per N733 AABB
A.hyp.sbsp.fas.var.vul N459 AABB
A.hyp.sbsp.fas.var.vul N426 AABB
A.hyp.sbsp.fas.var.vul N429 AABB
A.hyp.sbsp.fas.var.vul N443 AABB
A.hyp.sbsp.fas.var.vul N458 AABB
A.hyp.sbsp.fas.var.vul N464 AABB
A.hyp.sbsp.fas.var.vul N692 AABB
A.hyp.sbsp.fas.var.vul N457 AABB
A.hyp.sbsp.fas.var.vul N405 AABB
A.hyp.sbsp.fas.var.vul N456 AABB
A.hyp.sbsp.fas.var.vul N466 AABB
A.hyp.sbsp.fas.var.vul N477 AABB
A.hyp.sbsp.fas.var.vul N553 AABB
A.hyp.sbsp.fas.var.vul N742 AABB
A.hyp.sbsp.fas.var.vul N417 AABB
A.hyp.sbsp.fas.var.vul N448 AABB
A.hyp.sbsp.fas.var.vul N474 AABB
A.hyp.sbsp.fas.var.vul N476 AABB
A.hyp.sbsp.fas.var.vul N576 AABB
A.hyp.sbsp.fas.var.vul N601 AABB
A.hyp.sbsp.fas.var.fas N479 AABB
A.hyp.sbsp.fas.var.fas N468 AABB
A.hyp.sbsp.fas.var.fas N483 AABB
A.hyp.sbsp.hyp.var.hyp N496 AABB
A.hyp.sbsp.fas.var.fas N505 AABB
A.hyp.sbsp.fas.var.fas N608 AABB
A.hyp.sbsp.fas.var.fas N618 AABB
A.hyp.sbsp.fas.var.fas N438 AABB
A.hyp.sbsp.fas.var.fas N741 AABB

63
26

12
3

1

1

2
2

2
2

2
2

1
1

6
7

11
23

43

65
29

16

75
75

27

96

49
44

43
38

38
38

62
63

31
31

31
31

19
19

19
24

25
25

25
25

37
37

37
37

37
37

37
86

63

100

100

96

96

100

100
100

100
95

98
84

87

60

21

94

100

47

100

100

99

100

100

99

99
100

100

100

48

100

0.00 0.05 0.10

0
.0

0
0
.0

5
0
.1

0
0
.1

5
0
.2

0

PC1

P
C

2

A.h.subsp.hyp.var.hyp

A.h.subsp.hyp.var.hir

A.mon

A.h.subsp.fas.var.per

irregular fas-type

A.h.subsp.fas.var.fas

A.h.subsp.fas.var.vul

irregular hyp-type

K=12

irregular fas-type

A.h.subsp.fas.var.per

A.h.subsp.fas.var.fas

A.h.subsp.fas.var.vul

irregular hyp-type

A.h.subsp.hyp.var.hir

A.h.subsp.hyp.var.hyp

A.mon

0

0.5

1

Clu1 Clu2 Clu3 Clu4 Clu5 Clu6 Clu7 Clu8 Clu9 Clu10 Clu11 Clu12

0.00 0.05 0.10 0.15

0
.0

0
.1

PC1

P
C

2

A.h.subsp.fas.var.vul

A.h.subsp.fas.var.fas

A.h.subsp.hyp.var.hir

A.h.subsp.hyp.var.hyp

A.h.subsp.fas.var.per

A.mon

b

a

c d

e

g

f

Fig.1 Genetic structure of peanut. a) Geographic distribution of 355 Arachis accessions re-sequenced in this study. 

The color proportion of the circle is proportional to the number of different types of accessions; b) Chloroplast phylogeny 

obtained by de-novo sequencing of 36 wild Arachis species and 77 primitive landraces assigned to A. hypogaea 

subspecies and botanical varieties; c-d) Results of phylogenesis, parametric clustering and principal components 

analysis (PCA) from whole genome resequencing of the same tetraploid accessions described in b; e) Extent of linkage 

disequilibrium (LD) decay in different A. hypogaea botanical varieties; f-g) PCA and parametric clustering of the 355 

Arachis accessions re-sequenced in this study.
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on average in one variant every 3.0 Kb, while 60% of the variants were located on the last 10 1 

chromosomes (the B sub-genome), resulting on average in one variant every 2.6 Kb. The 2 

application of the KASP assay to a panel of 30 SNP loci and 10,650 data points resulted in the 3 

validation of 97.5% of the SNP calls (Supplementary Tables 7 and 8). Raw WGR data are made 4 

available at the Sequence Read Archive (SRA) database (PRJNA 605106) to serve as a public 5 

genomic resource for the scientific community 6 

(https://dataview.ncbi.nlm.nih.gov/object/PRJNA605106?reviewer=aaa4c4fbdbtthpmc20j22gqpgc). 7 

The peanut evolutionary history and genetic structure  8 

To gain insight into the origin of cultivated peanut, we first carried out a phylogenetic analysis 9 

based on chloroplast sequence data. Germplasm assigned to Ahh and Ahf grouped in well 10 

differentiated monophyletic clades (Fig. 1b), except for three accessions (N496, N524, and N530) 11 

which, according to available pedigree notes, originated from hybridization between these two taxa 12 

(Supplementary Fig. 2). Sub-clades could also be defined separating, within Ahf, the three 13 

botanical varieties fastigiata, vulgaris, and peruviana (Fig. 1b). One A. duranensis accession (PI 14 

475883) was the last wild accession to diverge before the node separating Ahh from Ahf (Fig. 1b), 15 

in accordance with previous studies suggesting A. duranensis as the donor of the A. hypogaea 16 

maternal genome (Grabiele et al. 2012). Remarkably, three A. duranensis accessions (PI219823, 17 

PI468201 and PI468202) were found within the same phylogenetic clade of Ahh (Fig. 1b), together 18 

with one A. archeri accession (PI604844) which was previously shown to be most likely a 19 

misclassified A. duranensis accession by genomic in situ hybridization (GISH) (Du et al. 2019). 20 

Together, the identification of A. duranensis chloroplast genomes more closely related to Ahh than 21 

Ahf, and the clear-cut phenotypic and genetic differentiation between Ahh and Ahf, strongly 22 

indicate that the peanut subspecies Ahh and Ahf arose from different allopolyploidization events 23 

from A. duranensis and A. ipaensis, and independent domestication.   24 

Although A. monticola is thought to be the wild progenitor of cultivated peanut, the two A. monticola 25 

accessions considered in this study also diverged after the split between the two A. hypogaea 26 

subspecies, as they clustered with Ahh (Fig. 1b). This suggests that the two accessions of A. 27 

monticola considered in this study might indeed represent feral forms originating from the 28 

hybridization of Ahh. Further studies, considering more accessions classified as A. monticola, 29 

might clarify the position of this species in the peanut evolutionary history. 30 

The same tetraploid accessions used for the chloroplast phylogenesis were also subjected to 31 

genetic structure analysis with WGR data. Parametric modelling, PCA, and maximum likelihood 32 

phylogenesis provided further support for the clear-cut differentiation between the two A. hypogaea 33 

subspecies and, within Ahf, the botanical varieties fastigiata, vulgaris, and peruviana (Fig. 1c-d). 34 

Linkage disequilibrium (LD) decay significantly varied within A. hypogaea, as it was slower in var. 35 

hirsuta and hypogaea than in var. fastigiata and vulgaris. (Fig. 1e). This is consistent with the lower 36 

level of genetic diversity found in var. hirsuta and hypogaea (Supplementary Fig. 3). 37 
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In order to identify genomic regions which are highly divergent between the peanut subspecies 1 

Ahh and Ahf, thus contributing to their diversification, we performed haplotype analysis using 79 2 

selected landraces which cover five varieties of the two sub-species. Specific haplotypes were 3 

clearly found distinguishing the botanical varieties (Supplementary Fig. 4).  4 

The effect of recent breeding history on the peanut genetic structure was investigated using the 5 

whole panel of 355 accessions sequenced in this study, also including cultivars derived from 6 

hybridization breeding programs. Parametric modeling, PCA, and hierarchical clustering (Fig. 1f-g 7 

and Supplementary Table 9) defined additional levels of population stratification. In more detail, 8 

within var. hypogaea, one cluster was associated with several Chinese landraces (Cls8), and one 9 

(Cls1) with American varieties or derivatives. Within var. vulgaris, distinct clusters were found for 10 

African landraces (Cls6), Chinese landraces (Cls2), and cultivars from southern China (Cls7). Cls9 11 

was found mainly for var. fastigiata. Finally, five clusters (Cls3, Cls5, Cls10, Cls11, and Cls12) 12 

were found for irregular type peanuts, originating from hybridization between the two A. hypogaea 13 

subspecies, with Cls3 and Cls5 being morphologically more similar to Ahh and Ahf, respectively.    14 

Genes associated with divergence between peanut subspecies   15 

Different evolutionary histories of the peanut subspecies Ahh and Ahf were accompanied by the 16 

fixation of contrasting phenotypes for several traits, including the flowering pattern, the number of 17 

branches, the growth habit, and the color of the inner seed coat integument (tegmen). The 18 

flowering pattern, sequential in Ahf and alternate in Ahh (Fig. 2a-b) is thought to have a major role 19 

in the adaptation to different ecosystems. Mapping by two recombinant inbred line (RIL) 20 

populations identified a major locus controlling the flowering pattern at the end of chromosome 12 21 

(Fig. 2c-d and Supplementary Table 10). Notably, this region contains a gene of the 22 

phosphatidylethanolamine binding protein (PEBP) family, named AhTFL1, which, based on 23 

phylogenetic reconstruction, was deemed as the putative orthologue of AtTFL1, involved in the 24 

control of inflorescence architecture in Arabidopsis (Severin et al. 2010, Dhanasekar et al. 2015, 25 

Krylova et al. 2020) (Fig. 2e-f and Supplementary Table 11). A genome-wide association study 26 

(GWAS) confirmed the presence of a strong signal (-log10(p-value) =27.31) for a marker close (14.4 27 

Kb) to the AhTFL1 gene at the terminal region of chromosome 12. However, it also highlighted an 28 

association at the end of chromosome 2 (Fig. 2g and Supplementary Table 12). This last result is 29 

likely due to an assembly error involving homoeologous regions of chromosomes 2 and 12, which 30 

has been announced to be fixed in the upcoming release of the peanut (cv. Tifrunner) genome 31 

assembly V.2 (https://peanutbase.org/peanut_genome_v1_v2). 32 

AhTFL1 sequencing in the GWAS population revealed the occurrence of three mutations (a MITE 33 

insertion, a 1492 bp deletion and a 1 bp deletion) (Supplementary Fig. 5) were predominantly 34 

present in subsp. fastigiata and fully co-segregating with the sequential flowering pattern (Fig. 2h-i). 35 

GWAS for the total number of branches (TNB) resulted in the strongest signal co-localizing with 36 

AhTFL1, indicating that it may have a pleiotropic effect on this trait (Fig. 2j and Supplementary  37 
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Table 13).     1 

Another trait displaying divergent phenotypes between the two peanut subspecies is the color 2 

of the seed coat inner integument (tegmen), which is invariably yellow in Ahh (Fig. 3a) and white in 3 

Ahf (Fig. 3b). Both GWAS and RIL-based mapping highlighted strong association between tegmen 4 

color and a genomic region on chromosome 5 (Fig. 3c-e and Supplementary Table 14). The 5 

strongest GWAS signal (-log10(p-value) =22.17) was 68.96 Kb from a gene, named AhLAC, 6 

encoding a laccase-like protein (Fig. 3f). Notably, this gene is the putative ortholog of the 7 

Arabidopsis gene AtLAC15 (also referred to as TRANSPARENT TESTA 10 or AtTT10) (Fig. 3g 8 

and Supplementary Table 15), which was shown to influence the color of the seed coat and seed 9 

dormancy through its enzymatic role in the oxidative polymerization of flavonoids (Pourcel et al. 10 

2005). AhLAC sequencing in the GWAS population revealed the occurrence of two mutations (a 11 

MITE insertion and a 1 bp insertion) (Supplementary Fig. 6). Heterologous overexpression of 12 

AhLAC partially complemented the Arabidopsis Attt10 loss-of-function mutant, thus providing 13 

evidence of functional conservation (Fig. 3h).  14 

Genetic dissection of main peanut economic traits 15 

The peanut growth habit (erect or prostrate) (Fig. 4a-b) strongly conditions cultivation practices 16 

(Butzler et al. 1998). Genetic mapping using two RIL populations resulted in a strong signal for a 17 

genomic region on chromosome 15 (Fig. 4c-d and Supplementary Table 10), in accordance with a 18 

previous study (Kayam et al. 2017). We found that this region harbours a homolog of the MADS 19 

box family of transcription factors, previously associated with plant growth habit (Rosin et al. 2003) 20 

(Fig. 4e), which, based on phylogenetic analysis, was deemed as the putative orthologue of the 21 

gene in Arabidopsis (Fig. 4f and Supplementary Table 16). At least one of two mutations (a 2 bp 22 

insertion in the first exon and a 1870 bp deletion in the first intron) was found to co-segregate with 23 

the erect phenotype (Fig. 4e and Supplementary Fig. 7).  24 

Pod and kernel dimensions, together with oil content of the kernel, are key peanut commercial 25 

traits. RIL-based mapping indicated that kernel weight, kernel length, and pod weight, are 26 

genetically correlated. The identification of QTLs on chromosomes 5 and 16 is in accordance with 27 

previous studies (Luo et al. 2018 and Gangurde et al. 2019). GWAS confirmed marker-trait 28 

associations on chromosomes 5 and 16 (-log10(p-value) =13.05 and 15.91, respectively), however 29 

a signal on chromosome 6 was also found (Fig. 5a-c and Supplementary Table17), possibly 30 

indicating assembly errors in correspondence of homoeologous regions of chromosomes 6 and 16.  31 

Finally, GWAS for oil content highlighted a main signal on chromosome 8 (-log10(p-value) = 8.94) 32 

(Supplementary Fig. 8 and Supplementary Table 18), in correspondence with a previously mapped 33 

QTL (Liu et al. 2020).  34 
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DISCUSSION   1 

Extensive DNA sequencing allowed the fine-scale reconstruction of the peanut evolutionary history 2 

and genetic structure. Chloroplast and genomic phylogenesis provided solid indication that the two 3 

subspecies Ahh and Ahf are the result of distinct polyploidization and domestication events. A 4 

combination of biparental mapping and GWAS provided insights into the genetic basis of 5 

phenotypic divergence between Ahh and Ahf, and the control of several economically important 6 

traits.  7 

As shown for Arabidopsis, mutations at genes of the PEBP gene family likely had a major role in 8 

determining the change of the flowering pattern from alternate to sequential. Tegmen pigmentation, 9 

due to the accumulation of oxidized polymeric forms of flavonoids, positively correlates with 10 

dormancy in many plant species, including legumes (Hradilová et al. 2019; Smykal et al. 2014). 11 

Thus, the selection of white tegument in Ahf, due to mutation of the laccase AhLAC, might have 12 

contributed to loss of seed dormancy, still occurring in Ahh. These traits were selected with strong 13 

pressure due to these characters making the crop acquire ecological adaptive abilities and making 14 

it suitable for different agricultural practices. For example, the spreading growth habit type is more 15 

preferred for machine harvesting, whereas the erect type is more suitable for dense planting. The 16 

white color of the inner seed coat integument showing no seed dormancy is more easily acceptable 17 

in warm ecosystems or for yearly double peanut cropping. In addition, continuous flowering often 18 

coincides with early maturing which is more suitable for areas with a shorter growing season.   19 

Together, our findings shed light on the evolutionary history of peanut and the genetic control of 20 

some economically important traits. In addition, data reported in this study provide an important 21 

genomic resource for further and faster genetic improvement of this crop. 22 

METHODS  23 

Plant material and DNA extraction 24 

The germplasm panel used in this study included 34 wild diploid accessions, two accessions of 25 

wild tetraploid A. monticola, 353 accessions of cultivated tetraploid A. hypogaea, and three 26 

previously described RIL populations (Supplementary Tables 1 and 2; Liu et al. 2020, Sun et al. 27 

2021, Qi et al., 2022). Genomic DNA extraction was performed on the whole germplasm set using 28 

the Plant Genomic DNA Kit (Tiangen Biotech (Beijing) Co., Ltd, China).   29 

 30 

Chloroplast de-novo sequencing and variant identification 31 

The 113 samples of chloroplast genomes were de-novo assembled using the pipeline of the 32 

GetOrganelle toolkit (Jin et al. 2020). All assembled accessions got repeat_pattern1 and 33 

repeat_pattern2 in circular sequences, while, some of the wild species got repeat_pattern3. The 34 
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chloroplast genomes and repeat_pattern1 that consist of two equimolar isomeric sequences and 1 

with the same direction of the small single-copy (SSC) regions were used for making alignments 2 

with the MAFFT program for pairwise comparisons. The SNP and INDEL (variants) between the 3 

chloroplast genomes were counted by using the MEGA program with the Chlorophycean 4 

Mitochondrial code set.  5 

 6 

Genomic re-sequencing and variant identification 7 

Paired-end (PE) DNA libraries with inserts of approximately 300 bp were constructed and 8 

sequenced using the Illumina HiSeq Xten (Illumina, Inc., San Diego, CA, USA) platform with PE151. 9 

Raw data were cut with an average coverage of 20x per sample for further analysis. The high-10 

quality reads which passed the quality check and filtering were aligned to the genome of cultivated 11 

peanut Arachis hypogaea cv. Tifrunner version 1 using minimap2 (v2.10) (Li 2018) software with 12 

the command ‘-ax sr -t 25 -K 5G’.  BAM alignment files were then generated with sambamba 13 

(v0.6.8) (Tarasov et al. 2015) by removing potential PCR duplications.  14 

SNP and INDEL calling were performed with the Genome Analysis Toolkit (GATK, version 15 

v4.0.12.0) (Poplin et al. 2018) with the HaplotypeCaller method. Detected SNPs matching any of 16 

the following conditions were filtered out: QualByDepth < 2.0, FisherStrand > 60.0, 17 

RMSMappingQuality < 40.0, MappingQualityRankSumTest < -12.5 and ReadPosRankSumTest < -18 

8.0. The conditions used to filter out INDELs are: QualByDepth < 2.0, FisherStrand > 200.0 and 19 

ReadPosRankSumTest < -20.0. After applying the aforementioned filtering conditions, we obtained 20 

variationSet1. To further exclude variant calling errors, all variations with missing rate > 0.05 (any 21 

alleles having less than five reads supporting them were marked as missing), minor allele 22 

frequency < 0.01 and the number of heterozygous alleles > 10 were filtered out using vcftools (v 23 

0.1.19) (Danecek et al. 2011) and bcftools (v 1.10.2) (Danecek et al. 2021) which resulted in 24 

variationSet2.  25 

Population genetics analysis 26 

After clumping the remaining variants in variationSet2 using PLINK (v1.90b6.9) (Purcell et al. 2007) 27 

with “--clump-p1 1 --clump-p2 1 --clump-r2 0.5”, variations (variationSet3) were retained for 28 

phylogenetic tree constructions. The maximum likelihood tree was constructed with IQ-TREE (v 29 

1.6.12) (Minh et al. 2020) as determined by the 30 

Bayesian information criterion. Population structure was quantified using ADMIXTURE (v 1.30) 31 

(Alexander and Lange, 2011) with k between 1 and 20. The program smartpca from the Eigenstrat 32 

package (v 7.2.1) (Patterson et al. 2006) was used to calculate eigenvectors of variationSet2. The 33 

first two eigenvectors for each individual were plotted and colour coded by their sub species type. 34 

The percentage variation explained by PCA axes 1 and 2 are indicated in the axis titles. Allelic 35 

36 
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group using vcftools (v0.1.19) with a 100-1 

on variationSet2. LD decay was calculated for all pairs of variations from variationSet2 within 2 

 (v3.31) (Zhang et al. 2019) with parameters ‘-MaxDist 500 -Het 0.05 -3 

Miss 0.05’. 4 

Population genetics analysis on selected landraces  5 

We selected 77 landraces representing five population clusters of different varieties including var. 6 

hypogeae, var. hirsuta, var. fastigiata, var. vulgaris, var. peruviana and two wild tetraploid 7 

accessions. The chloroplast genomes were de-novo assembled for a set of 79 primitive cultivated 8 

peanut accessions as well as 34 diploid wild relatives including different genomic sections. The 113 9 

chloroplast genomes were configured and of which the small single-copy (SSC) regions were 10 

aligned in the same direction to construct the evolutionary tree. To call haplotype blocks in 79 11 

selected landraces we used the R package HaploBlocker (v1.5.18) (Pook et al. 2019) with adaptive 12 

mode and different sub species as subgroups on variationSet2. All 79 samples were clustered with 13 

the binary matrix output from haplotype blocks using ade4 in R (v 1.7-16) (Bougeard et al. 2018) on 14 

the first 10 chromosomes (sub genome A) and the second 10 chromosomes (sub genome B) 15 

separately. 16 

Genome-Wide Association Study  17 

GWAS was carried out on the 353 cultivated peanuts from variationSet2. Univariate GWAS method 18 

(MLM) (Yu et al. 2006) implemented in R was employed to evaluate trait-SNP associations for the 19 

target traits (Supplementary Table 19). In addition, multivariate GWAS methods (MLMM, FarmCPU 20 

and BLINK) implemented in the R package GAPIT (v 3.0), together with Generalized linear Mixed 21 

Model methods (GLMMs) in GMMAT (v 1.3.1) (Lipka et al. 2012) were employed to evaluate the 22 

MLM results. The 353 accessions were phenotyped in a randomized complete block design with 23 

two replicates in seven environments (2017: Yuanyang (2017YY); 2018: Yuanyang (2018YY), 24 

Xinyang (2018XY), Weifang (2018WF)); 2019: Zhengzhou (2019ZZ), Shangqiu (2019SQ), Weifang 25 

(2019WF)). Flowering pattern, total number of branches (TNB), the color of the inner integument, 26 

growth habit and oil content measured by gas chromatograph (GC) were investigated in one 27 

environment (2019ZZ), while hundred kernel weight (HKW), hundred pod weight (HPW) and the 28 

seed length were investigated in all seven environments. In the GAPIT analysis, we accounted for 29 

population structure from admixture analysis (Q) as the kingship matrix and the first two principal 30 

components (PCs) were also used as covariates to correct population structure due to 31 

subpopulations existing in the datasets. For each trait, the mean of seed length, the mean of pod 32 

length, the mean of seed width, the mean of pod width and flowering pattern were used as 33 

covariates as well separately in the analysis. The genome-wide significant thresholds of the GWAS 34 

were set as 0.05/n (n is the number of markers). The Manhattan plots and QQ plots for GWAS 35 

were visualized using the R package ‘rMVP’ (v 1.0.6) (Yin et al. 2021).   36 
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Figure legends 1 

Fig.1: Genetic structure of peanut. a) Geographic distribution of 355 Arachis accessions re-2 

sequenced in this study. The color proportion of the circle is proportional to the number of different 3 

types of accessions; b) Chloroplast phylogeny obtained by de-novo sequencing of 36 wild Arachis 4 

species and 77 primitive landraces assigned to A. hypogaea subspecies and botanical varieties; c-5 

d) Results of phylogenesis, parametric clustering and principal components analysis (PCA) from 6 

whole genome resequencing of the same tetraploid accessions described in b; e) Extent of linkage 7 

disequilibrium (LD) decay in different A. hypogaea botanical varieties; f-g) PCA and parametric 8 

clustering of the 355 Arachis accessions re-sequenced in this study. 9 

Fig.2 Genetic control of peanut flowering pattern and total number of branches. a) Example 10 

of a plant with alternate pattern and; b) sequential pattern; c-d) Chromosome 12 LOD score graphs 11 

obtained by composite interval mapping with the YZ9012 × wt09-0023 recombinant inbred line (RIL) 12 

population (c) and the YH15 × W1202 RIL population (d); e) Structure of the AhTFL1 gene and 13 

features of the three mutations (Mu) found in the GWAS population; f) Phylogenetic relationships 14 

among Arachis and Arabidopsis TFL homologs. AhTFL1 and AtTFL1 are highlighted with a green 15 

text; g and j) GWAS Manhattan plots and quantile-quantile (Q-Q) plots for the flowering pattern (g) 16 

and total number of branches (j). The horizontal line in each Manhattan plot indicates the threshold 17 

for significant association (p<0.05) after a Bonferroni correction on the number of markers; h-i) The 18 

distribution of 353 accessions according to flower type (h) and mutation types (i).  19 

Fig.3 Genetic control of the inner integument color. a) Yellow; b) White; c) GWAS Manhattan 20 

plot and quantile-quantile (Q-Q) plot. The horizontal line in each Manhattan plot indicates the 21 

threshold for significant association (p<0.05) after a Bonferroni correction on the number of 22 

markers; d-e) Chromosome 5 LOD score graphs obtained by composite interval mapping with the 23 

YZ9012 × wt09-0023 recombinant inbred line (RIL) population (d) and the Zheng8903 × YH4 RIL 24 

population (e); f) Structure of the AhLAC gene and features of the two mutations (Mu) found in the 25 

GWAS population g) Phylogenetic relationships among Arachis and Arabidopsis LAC homologs. 26 

AhLAC and Arabidopsis TRANSPARENT TESTA 10 (AtTT10) are highlighted with a green text; h) 27 

complementation of the Arabidopsis atlac/attt10 mutant with peanut AhLAC. The phenotype of the 28 

wild type Col-0 accession is also shown. 29 

Fig.4 Genetic control of the growth habit. a) Erect; b) Prostrate; c-d) Chromosome 15 LOD 30 

score graphs obtained by composite interval mapping with the YH15 × w1202 recombinant inbred 31 

line (RIL) population and the YZ9012 × wt09-0023 RIL population; e) structure of the AhMADS-box 32 

trancription factor 6 gene and features of the two mutations (Mu) found in the GWAS population; f) 33 

Phylogenetic relationships among Arachis and Arabidopsis AGL homologs. AtPI, AtAP3 and 34 

MADS-box are highlighted with a green text; g-h) The distribution of 353 accessions according to 35 

growth habit (g) and mutation types (h). 36 
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Fig.5 GWAS for pod weight (a), kernel weight (b) and seed length (c). For each trait, the 1 

Manhattan plot, the quantile-quantile (Q-Q plot), and the violin plot describing the phenotypic effect 2 

of the leading SNP, are reported. 3 

  4 
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Supplementary Figure Legends 1 

Supplementary Figure S1. Validation of chloroplast DNA polymorphisms. Four randomly 2 

chosen variations were confirmed by Sanger sequencing (a-d). Three of them were also validated 3 

by Kompetitive allele specific PCR (KASP) assays (e-g). 4 

Supplementary Figure S2. Pedigree information of the accession N524. The red and blue lines 5 

indicate the female and male parent, respectively. The accession N524 inherited the chloroplast 6 

genome from N744. 7 

Supplementary Figure S3. Nucleotide diversity (Pi) for different botanical types of peanut. 8 

The A and B sub-genomes were analyzed separately. Sub-A for AA genome (a) and Sub-B for BB 9 

genome (b).    10 

Supplementary Figure S4. Haplotype blocks for different peanut botanical types. Graphical 11 

block structure representation of 20 chromosomes. Haplotypes were computed with adaptive mode 12 

using window sizes of 5, 10, 20 and 50 markers and target coverage of 90%. 13 

Supplementary Figure S5. Features of the mutations (Mu) identified for the gene AhTFL1. a)  14 

Sequence alignment showing the 214 bp MITE insertion of the mutation type 1 (Mu 1); b) 15 

Integrative Genomics Viewer (IGV) image of the genomic region showing paired-end reads 16 

mapped on the candidate gene with a 1492 bp deletion described as mutation type 2 (Mu 2); c) the 17 

paired-end reads mapped on the candidate gene with a 1 bp deletion (with a C missing) described 18 

as mutation type 3 (Mu 3). 19 

Supplementary Figure S6. Features of the mutations (Mu) identified for the gene AhLAC. a) 20 

Sequence alignment showing the 214 bp insertion of the mutation type 1 (Mu 1); b) Integrative 21 

Genomics Viewer (IGV) image of the genomic region showing paired-end reads mapped on the 22 

candidate gene with a 1 bp insertion (purple I)  described as mutation type 2 (Mu 2). 23 

Supplementary Figure S7. Features of the mutations (Mu) identified for the gene AhMADs-24 

box transcription factor 6. a) Integrative Genomics Viewer (IGV) image of the genomic region 25 

showing paired-end reads mapped on the candidate gene with a 2 bp insertion (purple 2) 26 

described as mutation type 1 (Mu 1); b) Integrative Genomics Viewer (IGV) image of the genomic 27 

region showing paired-end reads mapped on the candidate gene with a 1870 bp deletion described 28 

as mutation type 2 (Mu 2). 29 

Supplementary Figure S8. GWAS for seed oil content. Manhattan plot (left) and quantile-30 

quantile (Q-Q) plot (right). The horizontal line in the Manhattan plot indicates the significance 31 

threshold for association (p<0.05) after a Bonferroni correction on the number of markers.32 
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Supplementary Table Legends 

Supplementary Table 1. Features of the 36 wild Arachis accessions subjected to de novo 

chloroplast sequencing 

Supplementary Table 2. Features of the 353 Arachis hypogaea subjected to whole genome 

resequencing. A selection of 77 accessions also subjected to chloroplast de novo sequencing is 

marked with an asterisk 

Supplementary Table 3. Length and GC count associated with 113 de novo assembled chloroplast 

Arachis genomes 

Supplementary Table 4. Polymorphic sites identified in a germplasm panel including 77 tetraploid 

cultivated species and six wild species of the AA genome section 

Supplementary Table 5. Genotyping of 77 tetraploid A. hypogaea accessions with three 

Kompetitive allele specific PCR (KASP) assays designed on chloroplast polymorphisms 

Supplementary Table 6. Statistics from whole genome resequencing and alignment 

Supplementary Table 7.  Results from genotyping of genomic SNP loci with 30 Kompetitive allele 

specific PCR (KASP) assays 

Supplementary Table 8. Accuracy of genomic SNP validation with 30 Kompetitive allele specific 

PCR (KASP) assays 

Supplementary Table 9. The 12 clusters calculated by ADMIXTURE according to CV error 

Supplementary Table 10. QTLs identified for the flowering pattern, inner integument color, and 

growth habit, using three recombinant inbred line (RIL) populations 

Supplementary Table 11. Information on phosphatidylethanolamine-binding protein (PEBP) 

homologous gene from different species 

Supplementary Table 12. GWAS results for flowering pattern 

Supplementary Table 13. GWAS results for total number of branches  

Supplementary Table 14. GWAS results for inner integument color 

Supplementary Table 15 The information of laccase (LAC) homologous gene from different species 
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