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� The study presents a large-scale SNP
data set from the whole-genome
resequencing of 203 cultivated
peanut accessions.

� Population structure and
demographic history are investigated.

� Signatures of selection occurred
during peanut improvement breeding
are demonstrated.

� Candidate genes associated with seed
traits are identified by GWAS and
transgenic experiments.
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Introduction: Cultivated peanut (Arachis hypogaea L.) is an important oil crop for human nutrition and is
cultivated in >100 countries. However, the present knowledge of its genomic diversity, evolution, and loci
related to the seed traits is limited.
Objectives: Our study intended to (1) uncover the population structure and the demographic history of
peanuts, (2) identify signatures of selection that occurred during peanut improvement breeding, and
(3) detect and verify the functions of candidate genes associated with seed traits.
Methods: We explored the population relationship and the evolution of peanuts using a largescale single
nucleotide polymorphism dataset generated from the genome-wide resequencing of 203 cultivated pea-
nuts. Genetic diversity and genomic scan analyses were applied to identify selective loci for genomic-
selection breeding. Genome-wide association studies, transgenic experiments, and RNA-seq were
employed to identify the candidate genes associated with seed traits.
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Results: Our study revealed that the 203 resequenced accessions were divided into four genetic groups,
consistent with their botanical classification. Moreover, the var. peruviana and var. fastigiata subpopula-
tions have diverged to a greater extent than the others, and var. peruviana may be the earliest variant in
the evolution from tetraploid ancestors. A recent dramatic expansion in the effective population size of
the cultivated peanuts ca. 300–500 years ago was also noted. Selective sweeps underlying quantitative
trait loci and genes of seed size, plant architecture, and disease resistance coincide with the major goals
of improved peanut breeding compared with the landrace and cultivar populations. Genome-wide asso-
ciation testing with functional analysis led to the identification of two genes involved in seed weight and
seed length regulation.
Conclusion: Our study provides valuable information for understanding the genomic diversity and the
evolution of peanuts and serves as a genomic basis for improving peanut cultivars.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction Materials and methods
The cultivated peanut or groundnut (Arachis hypogaea L.) is an
allotetraploid (AABB, 2n = 4 � = 40) cultivated worldwide from
the tropical to temperate zones, providing approximately 46 mil-
lion tons annually [1]. The genus Arachis L. includes 81 described
species that are further divided into 31 sections, and Arachis hypo-
gaea L. belongs to the Arachis section [2]. A. hypogaea L. is classified
into two subspecies and six varieties based on morphological fea-
tures: var. fastigiata, var. vulgaris, var. peruviana, and var. aequato-
riana, belong to ssp. fastigiata, whereas var. hypogaea and var.
hirsuta belong to ssp. hypogaea [3]. The primary and secondary cen-
ters of origin and diversity of A. hypogaea have been proposed in
South America [4]. The genetic variation among peanut tetraploids
is expected to decrease owing to polyploidization. A domestication
bottleneck has long been thought to complicate plant breeding [5],
and it is estimated that peanuts experienced 6 such bottlenecks
during their evolution and domestication [6]. However, our knowl-
edge of its genetic diversity and evolution remains limited. Specif-
ically, our understanding of selective sweep signatures during
peanut domestication and breeding needs to be improved.

The development of peanut cultivars has dramatically enhanced
the yield, quality, and adaptation of the crop to diverse growth
conditions. The average peanut yield worldwide has increased by

approximately 80% during the last 60 years (http://www.fao.org).
However, intensive breeding has led to the loss of diversity. Under-
standing the genomic basis of modern breeding may provide key
insights for further improvement and adaptation by comparing
the genetic diversity between landraces and modern cultivars. Pre-
vious studies using a 58K single nucleotide polymorphism (SNP)
array revealed low genetic diversity in cultivated and landrace pea-
nuts [7,8]. Nonetheless, considering the low number of SNPs cap-
tured and the large tetraploid genome of the peanut, genome-
wide studies are warranted to comprehensively explore the
genetic diversity of peanut cultivars and landraces. Several genes
or quantitative trait loci (QTLs) related to yield have been identi-
fied, which further boosted this effort [9]. However, seed size-
associated genes have not been adequately identified and validated
experimentally.

In this study, we performed whole-genome resequencing of 203
accessions from across the world to assess the population structure
and demographic history of peanuts, identify the signatures of
selection that occurred during peanut breeding, and detect the
function of candidate genes associated with seed traits. This endea-
vor enabled the identification of multiple candidate loci and genes
for agronomic traits and provided genetic resources of cultivated
peanuts that are likely to facilitate peanut cultivar breeding in
the future.
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Plant materials a total of 203 individual peanut cultivar acces-
sions were collected from across the world, including five varieties
from 31 countries and 25 wild Arachis accessions provided by ICRI-
SAT (Table S1). A single-seeding precision sowing method [10,11],
with 237,000 seedlings per hectare, was used as the study site for
plant cultivation. An area of three mulches with a 2-m area was
used for each accession. Three biological replicates were used to
investigate the phenotype at different regions (May-September
2018 at Jinan, Shandong, 36�400N, 117�000E, April-August 2019 at
Changsha, Hunan, 28�120N, 112�590E and November 2019 to 2020
February at Ledong, Hainan 18�450 N, 109�100E). DNA was
extracted from the leaves of each accession. The tissues for tran-
scriptomic analysis include leaves, roots, stems, flowers, and seeds
at 4 different stages [seed 1, 30 days after flowering (DAF); seed 2,
40 DAF; seed 3, 50 DAF; seed 4, 60 DAF] were collected and all the
samples were transferred into liquid nitrogen immediately and
stored at �80 �C until DNA or RNA extraction.
Whole-genome resequencing and variant identification

Genomic DNA was extracted from young leaves and subjected
to library construction and amplification as per the standard proto-
cols specified by the Illumina HiSeq 4000 Sequencer and BGISEQ-
500. To explore the genetic variation in cultivated peanut, we re-
sequenced 203 accessions representing five botanical varieties
from 31 countries and 25 wild Arachis accessions. The genome of
cv. Tifrunner was used as a reference [12]. We used SOAPnuke
(v1.6.0) to remove the raw reads containing 1) sequencing adapter;
2) low-quality base ratio (base quality � 12) of > 50%; 3) N (un-
known base) ratio of > 10%. Data analysis and variation calling
was further performed based on the clean data [13].

After data filtration, we employed the SentieonDNAseq soft-
ware to detect SNPs (https://www. sentieon.com/products) [14],
which is a high speed of reads mapping and SNPs calling toolkit
for MPS reads. First, the clean reads of all individuals were mapped
to the genome sequences of the cultivated peanut (https://
www.peanutbase.org/data/v2/Arachis/hypogaea/genomes/Tifrun-
ner.gnm1.KYV3). We used the Sentieon BWA model for alignment
and then called SNPs using the Sentieon Haplotyper model (the
same algorithm with GATK). Finally, we used GATK to integrate
multiple individual SNP sets of gVCF files to a final population
SNP set with the VCF format [15]. For the quality control of SNPs,
we used a SelectVariants model with the following parameters in
GATK to remove low quality SNPs: QualByDepth (QD � 2),
FisherStrand (FS � 60), RMSMappingQuality (MQ � 40),
MappingQualityRankSumTest (MQRankSum � -12.5), ReadPos-
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RankSum (ReadPosRankSum � -8.0) and StrandOddsRatio
(SOR > 3.0).

Phylogenetic analysis and population structure

To perform the population structure analysis, we kept biallelic
(only two alleles) SNPs and screened high-quality SNPs using
PLINK (ver. 1.90) [16]. SNPs and individuals that met any of the fol-
lowing stringent quality control parameters were removed: if 1)
minor allele frequency (--maf) < 0.05; 2) individuals call rate (--
mind) � 0.2; 3) missing genotype frequency for SNP (--
geno) � 0.05; 4) Hardy-Weinberg equilibrium P-value (--
hwe) < 1e-6. The remaining markers were used for further popula-
tion analysis. We performed principal component analysis (PCA)
with the whole high-quality SNPs (6,686,684 SNPs) using the
smartPCA program from the EIGENSOFT package [17], while the
top 3 eigenvectors were plotted in two dimensions. In addition, a
neighbor-joining phylogenetic tree was constructed using SNPs
at fourfold degenerated sites (25,572 SNPs) by the MEGA7 with
1000 bootstraps. The tree was displayed using the EvoIView (v3)
[18]. The population structure was constructed using the ADMIX-
TURE software [19], which is based on a variational Bayesian
framework for posterior inference. To identify the best genetic
cluster K, we tested the number of K values from 2 to 5 with
1000 iterations for each run.

Population genetic analysis

Fixation statistics (FST) and nucleotide diversity (p) in 50-kb
non-overlapping sliding window were calculated using the pro-
gram VCFtools (v0.1.13) along each chromosome for each group
according to previous analysis [5,20].

Linkage disequilibrium

To explore the linkage disequilibrium (LD), any of the two SNP’s
max distance (kb) was set to 300 in order to calculate the correla-
tion coefficient (r2) using the PopLDdecay 3.40 [21]. LD decay
statistics were calculated for different groups, while the LD decay
graphs were plotted with the parameter-MaxDist 300.

Demographic history and divergence time

We applied SMC++ v. 1.15.4 to estimate the demographic his-
tory that seemed powerful for recovering the effective population
size history with short timescales based on whole-genome
sequence data [22]. Four groups of 203 individuals were calculated
as the effective population size separately. A generation time per
year and a rate of 1.68 � 10�8 mutations/nucleotide/year [23,24]
were used to remake the scaled times and effective population
sizes into real times and sizes, while other parameters were set
as default with outlier individuals excluded.

We used fastsimcoal [25] to infer divergence time in peanuts.
First, four-fold Degenerate Synonymous Site (4DTv) were filtered
by vcftools (version 0.1.17). Then, the easySFS.py script was used
for converting vcf to construct the site frequency spectrum. Finally,
fastSimcoal2 (version 2.6.0.3–14.10.17) with ‘‘-t fsc.tpl -n 10,000 -
m -e fsc.est -M -L 20 -c12 -B 12 -q” was used as the parameter to
estimate demographic parameters from the site frequency
spectrum.

Identification of selective signatures

A cross-population composite likelihood ratio test (XP-CLR) [26]
and population fixation statistics (FST) were employed to detect
selective signatures between the improved cultivars and other
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landraces. The XP-CLR value was tested with the parameter (-w1
0.0005 100 100 1 -p0 0.7) for each chromosome by the mean like-
lihood score in 500 kb sliding windows with a step size of 50 kb
across the genome. FST was calculated using the VCFtools
(v0.1.13) in a 500-kb sliding window with a 50-kb step [27]. The
average FST of all sliding windows was regarded as the value at
the whole-genome level across different groups. Sliding windows
with the top 5% highest values both in FST and XP-CLR tests were
regarded as candidate regions with strong selection and annotated
genes residing in these regions were considered candidate selected
genes. GO term enrichment analyses were performed for candidate
selected genes using perl module GO.
Phenotyping for agronomic traits

For phenotyping, the 203 accessions were planted in three envi-
ronmental conditions in 3 years (2017 to 2019) at 3 different pro-
vinces (Shandong, Hunan, and Hainan). The phenotypic value of
seed traits was the mean of 10 measurements. Seed weight was
obtained by weighing 20 seeds for each accession. Considering
the traits related to seeds (weight, length, and width) are sensitive
to the environment, we used the data from lines that are normally
developed and matured in these three locations for the down-
stream genome-wide association studies (GWAS).
GWAS analysis and candidate genes identification

The best linear unbiased prediction (BLUP) was produced for
genetic evaluation to integrate multiple environmental data,
remove environmental deviations, and obtain real genetic pheno-
types of the individuals [28,29]. To accurately describe the individ-
ual traits, we used BLUP to recalculate the seed traits values by
using an R script, with the ‘lme40 package of the R v3.4 software
(www.r-project.org) to calculate BLUPs values, with location and
year serving as random effects in the model lmer (phenotypes
�(1|loc) +(1|year) +(1|lines) +(1|year: lines). The BLUP values were
used as individual phenotypes for the GWAS analysis. In total,
1,291,801 SNPs with a minor allele frequency (MAF) of � 0.05
and a missing data rate of � 5% in the entire population were used
for GWAS analyses. To avoid spurious associations, Plink software
was used to generate a PCA matrix. The Efficient Mixed-Model
Association eXpedited (EMMAX) was used to test trait-SNP associ-
ations, which includes the kinship matrix as a random effect in the
mixed effect model, and EMMAX was represented as: Y = SNP + P
Cs + Kinship + e. We used 10 PCs as the population structure,
and Kinship matrix between the individuals represents the rela-
tionship. SNPs and PCs are set as fixed effects, while kinship is a
random effect. The analysis process is as follows: (1) PCA is
required as fixed effect (-c): plink --bfile [bed_prefix] --maf 0.05
--geno 0.05 --chr-set 20 --allow-extra-chr --pca 10 --out
[tped_prefix]. (2) Use constant as a random effect (-k): emmax -v
-d 10 -t [tped_prefix] -p [pheno_file] -k [kin_file] -o [out_prefix].
(3) GWAS analysis: emmax -d 10 -t [tped_prefix] -p [pheno_file]
-c [PCA:10] -k [hBN.kinf] -o [out_prefix] [30]. The -log10P > 6 was
selected as the significance threshold of the associated SNPs. To
further identify reliable significant signals in the GWAS results,
only the LD blocks containing at least one significant and one sug-
gested SNPs were considered as the significant loci. Each of the
candidate genes associated with these significant loci was
extracted for functional annotation, and the homologs from closely
related species or the model species Arabidopsis thaliana or rice
were further identified by BLASTP. Based on the abovementioned
results, the candidate genes associated with each trait were further
analyzed.
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Transcriptome sequencing and analysis

The seeds at 50 days after flowering (seed 3) were collected
from randomly selected 5 large-seed size and 5 small-seed size
accessions. Total RNA was extracted and purified using the QIAGEN
RNeasy Plant Mini Kit (Qiagen, USA) according to the manufac-
turer’s protocols. The quality and concentration of RNA were
detected by the NanoDrop One UV–Vis Spectrophotometer
(Thermo Fisher Scientific, USA). The paired-end sequencing with
150 bp was conducted on the BGISEQ-500 Sequencer (BGI, China).
To generate the clean data, the raw data were further removed
reads containing poly-N, adapters, and low-quality. The clean data
were then mapped to the genome sequences of the cultivated pea-

nut (https://www.peanutbase.org/data/v2/Arachis/hypogaea/gen-

omes/Tifrunner.gnm1.KYV3). For gene expression quantification
in different tissues, fragments per kilobase of exon model per mil-
lion reads mapped (FPKM) values were calculated using the
HISAT2 (v2.1.0) and Cufflinks (v2.2.1).

qRT-PCR for gene expression analysis

The total RNA tissues from cv. Tifrunner included roots, stems,
leaves, flowers, and seeds at seed 1–4 stages. All RNA samples were
extracted using the TIANGEN RNAprep pure Plant Kit (Tiangen,
China) according to the manufacturer’s protocol and reverse tran-
scribed using the PrimeScript RT Reagent Kit with gDNA Eraser
(TaKaRa) [31]. qRT-PCR was performed with the SYBR Premix
Dimer Eraser (TaKaRa). The relative gene expression was analyzed
using the 2-DDCT method for samples from at least three replicates.
The qRT-PCR Primers were designed by Primer-BLAST (https://
www.ncbi.nlm.nih.gov/tools/primer-blast) and sequences are
listed in Table S10.

Gene cloning and plant transformation

Gene cloning and plant transformation was performed follow-
ing the previous methods [31]. The protein coding sequences of
the related genes were obtained through PCR using cDNA derived
from seeds of cv. Tifrunner and the corresponding varieties with
SNP alleles. The amplified products were further cloned into the
PHB vector driven by the cauliflower mosaic virus (CaMV) 35S pro-
moter. The resulting constructs were transformed into A. thaliana
(Col-0) by Agrobacterium tumefaciens GV3101 and selected with
Basta. Homozygous lines of transgenic plants were used in this
study. Five hundred seeds from WT and homozygous transgenic
Arabidopsis lines were randomly counted and weighed using an
electronic balance (Mettler-Toledo, Switzerland). For size measure-
ment, the seeds were photographed and measured using ImageJ
software. The primers sequences used for gene cloning are listed
in Table S10.

Total lipid content and fatty acid composition analysis

We determined the total lipid content in the seeds as suggested
by a previous report [32]. Briefly, 50 mg of dry seeds were vortexed
and saponified by refluxing with methanol (50%) containing 5%
sodium hydroxide for 1 h. Next, 2 mL chloroform was added to
the tube and vortexed for 10 min. After centrifugation of the mix-
ture at 5000 g for 5 min at room temperature, the lower phase was
transferred to a dry weighed glass tube; 1 mL of hexane was added
to the remaining upper layer, and the tube was vortexed for
10 min. After centrifugation, the upper phase was collected and
added to the transferred chloroform solution. Finally, the mixture
was dried under nitrogen flow, and the total lipid content was cal-
culated. Three biological replicates were performed for each line.
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Fatty acid composition analysis was performed as previously
described with the Agilent 6890 N [33] using 0.3 g of mature dry
seeds. The extracted FAMEs were quantified by gas
chromatography-mass spectrometry (GC–MS) on the HP-88 capil-
lary column (30 � 0.25 � 0.25 mm) with the DAOJING GC-2010.
Triheptadecanoin was used as the triacylglycerol internal standard,
and fatty acid compositions were quantitatively analyzed using the
internal standard.
Results

Sequencing and genomic variations

Domesticated peanut cultivars are widely grown and showed
high geographical diversity, albeit their genomic variation and
the genetic basis of their agriculturally important traits remain lar-
gely unexplored. To examine the population structure and genomic
variation of cultivated peanuts, we collected and sequenced 203
accessions including 153 landraces and 50 improved cultivars,
from 31 countries. These accessions represented five botanical
varieties [var. fastigiata (80), var. hypogaea (56), var. vulgaris (47),
var. peruviana (11), and var. hirsuta (9)] (Fig. 1A, Table S1). We
obtained 7.19 Tb of high-quality reads, with an average of 14.16-
fold depth for each accession. The 25 wild Arachis accessions with
30.9 Gb average resequencing data for each accession as a control
group. By using the chromosome-level assembled genome of cv.
Tifrunner as the reference genome, we identified 6,686,684 high-
quality SNPs from the 203 cultivated and 25 wild accessions.
Among the 5,439,320 SNPs in cultivated accessions, 210,240 were
located in the upstream or downstream genic regions, and
3,369,870 were located in intergenic regions. The protein-coding
regions harbored 321,406 SNPs, including 47,995 nonsynonymous,
1,125 splicing, 155 stop-loss, and 2,397 stop-gain SNPs that caused
amino acid changes, elongated transcripts, and premature stop-
ping, respectively (Table S2). Moreover, the number of SNPs in
the B subgenome (3,224,418) was approximately 1.5-fold higher
than that in the A subgenome (2,172,110), which is consistent with
the ratio of the B/A subgenome.
Population structure

We performed multiple analyses to explore the genetic compo-
nents and relationships of the sequenced peanut populations. We
first constructed a neighbor-joining phylogenetic tree with the
wild Arachis species as an outgroup using SNPs at four-fold degen-
erate sites. The phylogenetic tree revealed that the var. peruviana
accessions initially split from the wild Arachis species at the root,
followed by the var. hypogaea plus var. hirsuta accessions. Subse-
quently, the var. vulgaris accessions and var. fastigiata accessions
were further divided into two genetic groups (Fig. 1B), which sup-
ports the current cultivated peanut classification based on distinc-
tive botanical features. Some accessions with sporadic distribution
could not be grouped by their designation. This observation may
reflect the misclassification during collection or the inconsistency
of genetics and phenotypes. We further performed model-based
clustering analysis using ADMIXTURE. The results indicated that
the same groupings were identified among these accessions, which
is consistent with the phylogenetic analysis (K = 4), in which the
accessions were categorized into four clusters, namely, var. peru-
viana (Group I, G1), var. hypogaea plus var. hirsuta (Group II, G2),
var. vulgaris (Group III, G3) and var. fastigiata (Group IV, G4)
(Fig. 1B). A principal component analysis (PCA) of the accessions
revealed four clusters corresponding to the lineages of groups I-
IV, which corroborates the phylogenetic and ADMIXTURE results
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Fig. 1. Geographical distribution and population structure of 203 resequenced accessions. (A) The geographical distribution of all 203 accessions. The five varieties are
indicated in different colors. The proportion of each pie chart indicates the ratio of the different variety types in a certain country. The colors varied with the variety. (B)
Neighbor-joining phylogenetic tree of all 203 accessions with wild Arachis accessions as outgroup and population structure analysis with K = 2 to 4. The colors of branches in
the phylogenetic tree represent different variety types (consistent with the colors shown in A). (C) Principal component analysis of all 203 accessions. The first two principal
components (PC1 and PC2) are shown and dot colors represent the different accessions. The colors of the virtual circle match the structure grouping. (D) The genetic diversity
(p) and population differentiation (FST) across the 4 groups. The values in the circles represent the genetic diversity of the groups (green, tangerine, cyan, and yellow circles
represent G1 to G4 groups, respectively), and the FST values between the groups are shown. The radius of the pie represents the genetic diversity value and the length of
dashed line represents the FST value between groups. (E) Linkage disequilibrium decay was estimated from different peanut groups. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 1C). It is therefore apparent that most of the improved
cultivars received genetic contributions from var. peruviana, var.
hypogaea, and var. vulgaris species, whereas the landraces rarely
received genetic contributions from other species. Interestingly,
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when K = 5, the improved cultivars clearly diverged from G2 and
G3 (Fig. S1), which suggests that the improved varieties were
derived from the crosses between different subspecies of var.
hypogaea and var. vulgaris.
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We calculated FST (fixation index values) to estimate the genetic
distance between groups. The FST values between G1 (var. peru-
viana) and the other three groups were higher than those of the
other groups. The highest diversity (FST = 0.18) was observed
between G1 (var. peruviana) and G4 (var. fastigiata), and the lowest
was observed between G2 (var. hypogaea plus var. hirsuta) and G3
(var. vulgaris) (FST = 0.08). Hence, it could be inferred that var. pe-
ruviana and var. fastigiata subpopulations have diverged to a
greater extent than the others. The varieties var. hypogaea plus
var. hirsuta and var. vulgaris demonstrated a relatively close
genetic relationship. These results also signified that the FST values
displayed a botanically correlated pattern, which is consistent with
the findings of the phylogenic analysis.

Moreover, we investigated the genetic diversity by calculating
the nucleotide diversity (p) in each group. First, we explored the
nucleotide diversity of the accessions from the so-called diversity
center (SouthAmerica), the transfer station (Africa), and theprimary
production region (Asia) [4]. The p value (4.44� 10�4) of the acces-
sions from South Americawas the highest, the p value (3.55� 10�5)
of the accessions from Asia was the lowest, and the p value of the
accessions from Africa was intermediate (4.14 � 10�5), which is in
accordance with the migration route from South America to Africa
and then Asia. Next, we compared the nucleotide diversity of differ-
ent groups. The result revealed that G2 (p = 3.06� 10�5) and G3 (p =
4.02�10�5)had lowernucleotidediversity thanG4 (p=4.42�10�5)
and G1 (p = 4.60 � 10�5) (Fig. 1D). These results are in line with the
expected values because var. hypogaea and var. vulgaris are themost
widelygrownvarieties andareusedprimarily forbreeding improve-
ment, which possibly decreases their genetic diversity [34,35]. The
LD decay rates were the highest in G2, followed by G3 and G1, and
the lowest in G4 (Fig. 1E). This result is correlated with the level of
nucleotide diversity. The LD extended further in G1 and G3 than in
the others, which suggests a possible bottleneck during their breed-
ing history.
Demographic history and divergence time

Although recent studies have helped clarify the origin of the
cultivated peanut, the history of diversification of different botan-
ical varieties is not well understood. Since peanut is regarded to
have originated from a polyploidization event <10,000 years ago,
we investigated the demographic history of the crop that resulted
Fig. 2. Demographic history of peanut populations. (A) The demographic history was d
ago is shaded in light blue color. The different colored solid lines indicate typically de
1.68 � 10�8 per generation were used to scale the real-time. (B) Schematic of divergence
divergence. (For interpretation of the references to color in this figure legend, the reade
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in the current populations using SMC++ (Fig. 2A). The demographic
history with SNP data revealed that all four subpopulations expe-
rienced a slight decline in the effective population size (Ne) from
the highest point ca. 10,000 years ago to a nadir ca. 1000 years
ago. The domesticated peanut experienced a dramatic expansion
in Ne, which started 300–500 years ago. Notably, the initial period
of Ne expansion of peanuts coincided with the European colonial
period in South America (1492–1832), which supports the view
that cultivated peanuts originated in South America and were
domesticated there; they were later were spread worldwide by
the European colonialists.

We used fastsimcoal to infer the divergence time of the peanut
varieties. A four-fold Degenerate Synonymous Site (4DTv) was
employed to estimate the demographic parameters from the site
frequency spectrum (Fig. 2B). The optical model indicated that
G1 first diverged 11,441 years ago. Then, G3 emerged 9,196 years
ago and, finally, G2 and G4 separated 3,671 years ago. This result
is consistent with the date of origin estimated by demographic his-
tory analysis.
Selection signals under breeding improvements of peanut

Like other crop species, the cultivated peanut has undergone
continuous selection because of domestication and intensive
breeding events to maximize its yield and quality. We estimated
the genetic diversity of 153 landraces and 50 improved varieties
that were separated by approximately 20 years in breeding history
(Table S1). The average p value of the landraces was 4.20 � 10�5,
which is higher than that of the improved cultivars
(3.56 � 10�5). Particularly, the LD decay rate of the peanut culti-
vars was markedly lower than that of the landraces (Fig. S2). These
results indicate that the modern improved cultivars have experi-
enced more artificial selections than the landraces.

We compared the modern improved cultivars with the lan-
draces using genetic differentiation (FST) and XP-CLR (cross-
population composite likelihood ratio) tests to identify the selec-
tion signals and candidate genes involved in breeding improve-
ments. Totally, 637 sweep regions encompassing 3,413 genes,
were identified by both methods (Fig. 4A; Table S3 and S4). More-
over, the number of selected genes in the B subgenome (2,299) was
approximately two-fold higher than that in the A subgenome
(1,084), which implies an asymmetric subgenome selection during
emonstrated by SMC++. The rebound in the effective population size 300–500 years
mographic history in each group. One generation per year and a mutation rate of
time using fastsimcoal2. The vertical axis indicates the estimated time of population
r is referred to the web version of this article.)



Fig. 3. Selective sweep regions between the improved cultivars and landraces during peanut modern breeding. (A) The genome-wide distribution of the FST (top panel)
and XP-CLR (bottom panel) scores along the chromosomes. The threshold was defined by the top 5% of the FST and XP-CLR (landrace/ improved cultivar) values. Candidate
genes and previously reported QTLs were indicated. ARF, Auxin response factor; CNR1, cell number regulator 1; DA (LARGE IN CHINESE) 1; FAD, fatty acid desaturase; GA20ox,
gibberellin 20-oxidase; GA2ox, gibberellin 2-beta-dioxygenase; IAA, auxin-induced gene; NRT1, nitrate transporter 1; PROG1, prostrate growth 1; RMG1, resistance methylated
gene 1; RPM1, resistance to P. syringae pv. Maculicola 1; SAUR, small auxin up RNA; TAO1, the target of AvrB operation 1. Seed weight QTLs: Q100swt1, Q100swt2, and
Q100swt3. Seed width QTL: Qsw1. Seed length QTL: Qsl1. Leaf spot disease-resistant QTL: qELS_T11_A06. (B) Haplotype differentiation patterns of NRT1, GA20ox, ARF2,
RPM1, TAO1, and RMG1. Across the improved cultivars and landraces, significant differentiation patterns of haplotypes were shown within the candidate genes. Geographic
maps were generated using R packages.
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cultivar breeding. The top gene enrichment gene ontology (GO)
terms were ‘‘RNA surveillance”, ‘‘response to auxin”, ‘‘nitrogen cat-
abolism”, and ‘‘tyrosine metabolism” (Table S5). Among these
genes, 48 are candidate homologs of known plant auxin
responding-related genes (e.g., SAURs and IAAs). In addition, we
identified several genes known to influence the plant yield by com-
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paring the improved cultivars (high-yield) and the landraces (low-
yield) (Fig. 3A; Table S6).

Selection pressure analyses revealed several genes associated
with the yield, which is consistent with this trait being the major
target of peanut breeding. Especially, the selective sweep signals
agreed with six previously identified QTLs related to seed size
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and weight, including a sweep region from 8.8 to 11.7 Mb on chro-
mosome 16 with two QTLs of seed weight (Q100sw2) and seed
width (Qsw1) [36]. Known yield-related genes identified in the
sweep regions included four cell number regulator (CNR) homolog
genes that are responsible for increasing the fruit size in maize and
tomato [37,38], two DA1 homologs that have been proven to play a
key role in the maternal control of seed size by regulating cell pro-
liferation in Arabidopsis [39], and one ARF2 homolog (Ara-
hy.7E4SNA) that encodes a seed-size regulator auxin response
factor 2 in Arabidopsis [40]. When the haplotype differentiation
patterns of AhARF2 were compared between the improved culti-
vars and the landraces, a missense SNP variation (c.964 T > C|p.3
22 Ile > Thr) was identified. Interestingly, 96% of the improved cul-
tivars carried haplotype T, in contrast to the accessions from the
landraces, which mainly possessed haplotype C (71%) (Fig. 3B;
Table S7).

Genes encoding phytohormones and other genes associated
with the plant architectures were also recognized in our analysis.
These genes include gibberellin 20 oxidase (GA20ox) and gib-
berellin 2-beta-dioxygenase (GA2ox), which are involved in plant
height regulation [41]. A comparison of the haplotypes between
the improved cultivars and the landraces in these genes revealed
the presence of a major haplotype for AhGA20ox (c.964 G > A|
p.322 Glu > Lys), which accounted for 100% in the improved cul-
tivars and had a low allele frequency (64%) in the landraces
(Fig. 3B; Table S7). Moreover, PROG1 (prostrate growth 1 homo-
log), which controls a key transition from prostrate to erect
growth in rice [42,43], was detected in chromosome A06 sweep
regions.

As evident from the relevant literature and our genetic data, the
improved cultivars had been bred to achieve near-optimal yields
and possess the combined characteristics of high oil content, high
efficiency of fertilizer utilization, and high resistance to abiotic and
biotic stresses. Pathogen resistance, nitrate uptake, and lipid
metabolism-related genes were consistently detected and were
considered a high-confidence gene set (Fig. 3A; Table S6). Eight
genes related to lipid metabolism were detected in the sweep
regions, including a region on chromosome 16 with four fatty acid
desaturase genes in tandem. Fourteen genes encoding NRT1/PTR
family protein were identified in several selected regions, which
alludes to their potential contribution to nutrient utilization during
peanut improvement. The haplotype differentiation patterns
showed that a missense SNP variation in AhNRT1 differentiated
the improved cultivars from the landraces (Fig. 3B; Table S7). A
29-gene set involved in disease resistance comprised genes encod-
ing the resistance methylated gene 1 (RMG1), the target of AvrB
operation (TAO1), and disease resistance protein (RPM1) (Fig. 3A;
Table S6). Interestingly, the RPM1 sweep region included a QTL
associated with leaf spot disease resistance [44]. Examining the
haplotypes within these disease resistance genes revealed that all
detected missense SNP variations were significantly differentiated
between the improved cultivars and the landraces (Fig. 3B). This
finding hints at the contribution of these variations to increased
disease resistance in the improved cultivars. Our results suggest
that seed size, plant architecture, and disease resistance were the
major loci selected during the breeding history of the improved
peanut cultivars.

Candidate genes related to seed traits

Seed size is a crucial trait related to crop yield. We employed
GWAS to screen for candidate genes related to seed length, seed
width, and seed weight regulation. Significant signals were identi-
fied in the three phenotypes and two genes were found to play
roles in seed weight and seed length, however, no gene was iden-
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tified in relation to seed width (Figs. 4 and 5; Fig. S3). The study
showed a strong association with seed weight on chromosome
16 (8.37–8.55 Mb), which included 8 genes (Fig. 4A and 4B;
Table S8). Consistently, the identified genomic regions overlapped
with the selective sweep signal (Fig. 3A) and the previously
reported QTLs for seed weight [36]. Among them, we noted one
nonsynonymous SNP in the sixth exon of the AhFAX1 (Arahy.
QEH0EE) locus, which encodes a chloroplast inner envelope local-
ized member of the Tmemb14 gene family involved in fatty acid
and lipid homeostasis and probably functions as a fatty acid trans-
porter from the plastid [45]. The nonsynonymous SNP resulted in a
cysteine-to-tyrosine substitution in the AhFAX1 TMEM14 domain
(Fig. 4C). Gene-based association analysis revealed that haplotype
A (TAT, tyrosine) is mainly found in accessions with a higher seed
weight, while haplotype G (TGT, cysteine) mainly occurs in acces-
sions with a lower seed weight (Fig. 4D; Table S1). The highest
AhFAX1 expression was detected in the leaf tissue and increased
gradually with the seed development (Fig. 4E), which is a critical
period for seed oil accumulation. Protein structural modeling
revealed that the cysteine-to-tyrosine substitution created an a-
helical domain that is absent in the AhFAX1 (haplotype G) protein
(Fig. 4F). We further performed transgenic experiments in Ara-
bidopsis (because of the lack of efficient transgenic methods for
peanut) to validate the function of AhFAX1. When compared with
the wild-type plants, both the AhFAX1 with haplotype G (35S:
AhFAX1hapG) and AhFAX1 with haplotype A (35S:AhFAX1hapA) over-
expression lines had higher seed size and seed weight. Moreover,
the 1000-seed weight of the 35S:AhFAX1hapA transgenic lines was
significantly higher than that of 35S:AhFAX1hapG lines (Fig. 4G).
The total lipid content of the seeds increased by 11.4%, 12.0%,
24.2%, and 19.5% in the overexpressed lines of 35S:AhFAX1hapG#2,
35S:AhFAX1hapG#5, 35S:AhFAX1hapA#3, and 35S:AhFAX1hapA#8 com-
pared to the WT, respectively (Fig. S4). In addition, an analysis of
the fatty acid composition of mature seeds revealed that palmitic
acid (C16:0) was significantly increased in the transgenic lines
than the WT; however, eicosenic cis (C20:1) was significantly
reduced (Fig. S4). These results signify that the cysteine-to-
tyrosine substitution in AhFAX1 may favor total lipid accumulation
and change the fatty acid composition to increase the seed weight
in peanuts.

Furthermore, we found higher association signals with seed
length on chromosome 15 (Fig. 5A; Table S9), in which an SNP of
1,045 bp upstream from the start codon of Arahy.SV5NHSwas iden-
tified (Fig. 5B and C). Arahy.SV5NHS (designed as AhDPB2, an ortho-
log of AtDPB2 in Arabidopsis) encodes a protein similar to DNA
polymerase epsilon subunit B, which is required for DNA replica-
tion and cell cycle progression [46,47]. The seed length of acces-
sions with haplotype A was significantly higher than that of
accessions with haplotype G (Fig. 5D; Table S1). In agreement with
this finding, quantitative polymerase chain reaction revealed a
markedly elevated expression of AhDPB2 at the seed 3 stage (50
DAF), which is a seed rapid growth stage (Fig. 5E). Previous work
has demonstrated that suppressing the expression of AtDPB2
results in prolonged cell cycle division and enlarged seed embryos
[48]. Since the SNP is located in the promoter region of AhDPB2, we
speculated that it plays a role in seed size by modulating the
expression of AhDPB2 (e.g., by altering a promoter element). We
randomly selected five large-seeded and five small-seeded acces-
sions to explore the expression at the seed 3 stage by using tran-
scriptomic data. The expression level of AhDPB2 in large-seeded
accessions was significantly lower than that in the small-seeded
accessions (Fig. 5F). We further validated the AhDPB2 expression
level by RNA-seq in different seed-size accessions (Fig. 5G). These
results indicate that AhDPB2 might play a negative regulatory role
in seed length development in peanuts.



Fig. 4. Identification of the candidate gene FAX1 for seed weight based on GWAS. (A) The GWAS signals for seed weight in the 20 chromosomes. The horizontal red line
represents the significance threshold (�log10P > 6). The red dots indicate strongly associated SNPs. (B) Local Manhattan plot (top panel) on chromosome 16 and LD heat map
(bottom panel). The candidate region (8.4–8.6 Mb) lies between the dashed lines. The red dots indicate the strongly associated loci SNP containing the candidate gene FAX1.
(C) Exon–intron structure of AhFAX1 in two haplotypes, ‘G’ and ‘A’ allele. (D) Box plots for seed weight for the two haplotypes mentioned above (152 vs 51 accessions).
Dots show individual data points outside the 10–90 percentile ranges. The P < 0.001 indicates a significant difference between the ‘G’ and ‘A’ haplotypes by a Student’s t-test.
(E) Relative expression of AhFAX1 in different tissues, including roots, stems, leaves, flowers, and seeds of developmental stages (seed 1–4) was determined by qRT-PCR. (F)
Protein structural modeling of AhFAX1. The protein structure of AhFAX1 (haplotype G, top panel; haplotype A, bottom panel). The site for the Cys/Tyr substitution is marked
in red and blue, respectively. (G) The mature seeds of WT, the AhFAX1 with haplotype ‘A’ overexpression line (35S:AhFAX1hapA#5), and the AhFAX1 with haplotype G
overexpression line (35S:AhFAX1hapG#8) in Arabidopsis. Bar = 500 lm. (H) The average 1000 seed weight of two independent lines of 35S:AhFAX1hapG, 35S:AhFAX1hapA,and Col-
0. The data are means ± SD from at least 10 seedlings in three replicates. *, ** indicate significant difference from the wild type plants by using Student’s t-test with P < 0.05
and P < 0.01, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Identification of candidate gene AhDPB2 for seed length based on GWAS. (A) Manhattan plots for seed length in the full population. The horizontal dashed line
indicates the significance threshold (P = 1 � 10-6). (B) Manhattan plot on chromosome 15 (top panel) and LD heat map (bottom panel) of the candidate region between 137.30
and 137.39 Mb (dashed lines). The red dots indicate the SNPs strongly associated with AhDPB2. (C) Gene structure and position of AhDPB2 on the genome. The polymorphism
of ‘G’ or ‘A’ haplotypes occurred on the promoter region (-1045). (D) Boxplots for seed length for the ‘G’ or ‘A’ haplotypes (165 vs 38 accessions). The dots show individual data
points outside the 10–90 percentile ranges. The P < 0.001 indicates a significant difference between the ‘G’ and ‘A’ haplotypes by a Student’s t-test. (E) The expression of
AhDPB2 in roots, stems, leaves, flowers, and seeds of different developmental stages (seed 1–4) was determined by qRT-PCR. (F) The expression level of AhDPB2 in five short-
seed and five long-seed accessions at the seed 3 stage was determined by qRT-PCR. The detailed information of the accessions was deposited in Table S1. (G) The
transcriptomic level of AhDPB2 in short and long seeds was plotted with FPKM. ** indicates significant difference with P < 0.01. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Discussion

The cultivated peanut is categorized into subsp. fastigiata and
subsp. hypogaea, which include six botanical varieties based on their
morphologic phenotypes. The accessions resequenced in our collec-
tion belong to five botanical varieties that display a high geographic
diversity. Seventy-two accessions were collected from South Amer-
ica,which is consideredas theprimaryand secondary center forpea-
nut domestication. The p values implied that the accessions from
South America had higher genetic diversity and those from Africa
had a lower diversity; however, both exhibited higher diversity than
theaccessions fromAsia. Thesefindingsagreewith the idea thatpea-
nut was introduced to Africa from America by the Portuguese in the
16th century and then spread to China, India, Japan, Malaysia, and
elsewhere. These results also confirm that polyploidization, self-
pollination, domestication, and selection during breeding are the
primary causes for the narrow genetic base of the cultivated peanut
[6].Moreover, the significant proliferationof peanuts 300–500years
ago could be attributed to these factors (Fig. 2A).

Our population structure and PCA suggest that var. hypogaea
and var. hirsuta are intermingled and belong to subsp. hypogaea.
This result is consistent with a recent targeted genotyping by
sequencing study of 320 cultivated peanuts [49]. The var. hypogaea
has been postulated to represent the most ancient variety owning
to its runner habit, the lack of floral spikes and branching patterns,
which are the typical features of wild Arachis species [50]. How-
ever, our data suggest that var. peruviana diverged earlier than
the other varieties, with high diversity and fixation values. The
most ancient macrofossil suggests that the peanut existed
8500 years ago in the Zana valley in Northern Peru [51]. Our demo-
graphic data revealed that var. peruviana diverged approximately
11,441 years ago, which is in line with the multiple lines of evi-
dence, including genetic analyses. These findings indicate that
the peanut originated approximately 10,000 years ago [23].

Selection pressure analysis confirmed that the improved culti-
vars have been bred to achieve near-optimal yields and exhibit
the combined characteristics of high oil content, high efficiency
of fertilizer utilization, and high resistance to abiotic and biotic
stresses. Moreover, several previously reported QTLs (Qsw1,
Q100sw2, and qELS_T11_A06) related to seed size and disease
resistance overlapped with the sweep regions, which contain some
known key genes (e.g., ARF2 and RPM1) (Fig. 3A). Plant architecture
plays a crucial role in the yield, and key genes (GA2ox, GA20ox, and
PROG1) associated with the plant architecture were also identified
in our analysis. We further identified some selective signals involv-
ing novel genes, which may be related to lipid metabolism, fertil-
izer utilization, and abiotic and biotic stress resistance. Moreover,
we identified and validated two novel genes associated with higher
seed weight (AhFAX1) and seed length (AhDPB2) by GWAS (Figs. 4
and 5), which may be important candidate gene resources for
accelerating yields in future peanut breeding.
Conclusion

In summary, we performed a population genomics study of 203
peanut accessions from across the world to understand their
genetic diversity and selection sweeps and identified candidate
genes associated with desirable traits. Our study provides a strong
basis for future work on the breeding and genetic aspects of this
important oil, food, and forage crop.
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