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. Cultivated peanut (Arachis hypogaea L.) were classified into six botanical varieties according to the

- morphological characteristics. However, their genetic evolutionary relationships at the genome-wide

. level were still unclear. A total of 320 peanut accessions, including four of the six botanical varieties,

. and 37,128 high-quality single nucleotide polymorphisms (SNPs) detected by tunable genotyping-

by-sequencing (tGBS) were used to reveal the evolutionary relationships among different botanical

. varieties and verify the phenotypic classification. A phylogenetic tree indicated that the tested

: accessions were grouped into three clusters. Almost all of the peanut accessions in cluster C1 belong

. tovar. fastigiata, and clusters C2 and C3 mainly consisted of accessions from var. vulgaris and subsp.

. hypogaea, respectively. The results of a principal component analysis were consistent with relationships

. revealedin the phylogenetic tree. Population structure analysis showed that var. fastigiata and var.

. vulgaris were not separated when K =2 (subgroup number), whereas they were clearly divided when

: K=3. However, var. hypogaea and var. hirsuta could not be distinguished from each other all the way.

. The nucleotide diversity () value implied that var. vulgaris exhibited the highest genetic diversity

. (0.048), followed by var. fastigiata (0.035) and subsp. hypogaea (0.012), which is consistent with the

. result of phylogenetic tree. Moreover, the fixation index (Fs;) value confirmed that var. fastigiata and

. var. vulgaris were closely related to each other (Fs;=0.284), while both of them were clearly distinct

. fromvar. hypogaea (Fs; > 0.4). The present study confirmed the traditional botanical classifications of

. cultivated peanut at the genome-wide level. Furthermore, the reliable SNPs identified in this study may
be a valuable resource for peanut breeders.

. Cultivated peanut (Arachis hypogaea L.) is one of the most important grain legume crops worldwide, and is a
: good source of food, vegetable oil, feedstock, and ground cover!. Cultivated peanut, with a total genome size of
: approximately 2.7 Gb, is an allotetraploid (2n =4X =40) plant species derived from a single recent hybridization
. event involving two diploid species, Arachis duranensis (A genome) and Arachis ipaensis (B genome), followed by
. apolyploidisation event?. On the basis of morphological features, crossing experiments, and seed protein electro-
. phoretic profiles, Krapovickas and Gregory classified cultivated peanut into two subspecies (subsp. hypogaea and
. subsp. fastigiata) and six botanical varieties, which include var. hypogaea, var. hirsuta (within subsp. hypogaea),
. besides var. fastigiata, var. aequatoriana, var. peruviana, and var. vulgaris (within subsp. fastigiata)®. However,
© these classifications were based on growth habits, morphological features, as well as seed, pod, and inflorescence
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characteristics*. For example, the main distinguishing characteristic between subspecies hypogaea and fastigiata
is the presence of main axis flowers. This trait may be abnormal in some peanut accessions because of genetic
contamination (during the outcrossing history of the pedigree). To our knowledge, due to lack of specific descrip-
tion, some varieties have been classified as “irregular type” to distinguish between these accessions (obtained via
hybridisations between subspecies or crosses between different peanut types) and the unadulterated accessions®.
The irregular peanut types are probably the result of breeding activities that attempted to increase genetic varia-
tion. Crosses involving cultivated peanut are easier than intraspecific hybridisations with wild relatives.

Although broad genetic variation is crucial for cultivar improvement, information regarding genetic diversity
is also critical for germplasm utilisation®. Several recent studies have applied different marker technologies to
analyse the genetic diversity and population structure of specific cultivated peanut populations. For example,
32 highly polymorphic simple sequence repeat (SSR) primer pairs were used to investigate 96 peanut genotypes
mainly from the US peanut mini-core collection®. Similarly, 146 SSR markers were used to study 196 major pea-
nut cultivars extensively planted in different regions in China®, while 111 SSR markers were applied to examine
79 peanut cultivars and breeding lines from China, India, and the US”. However, these previous studies included
relatively few, primarily SSR markers or an limited number of peanut accessions for evaluations of the genetic
diversity and population structure. Moreover, the relationships among 280 genotypes that originated from a ref-
erence set of 300 genotypes representing 48 countries were explored using 73 Kompetitive Allele Specific PCR
(KASP) genotyping assays®. The most recent studies applying next-generation sequencing technology to explore
the molecular footprint of agronomic traits related to domestication included an analysis of 158 Chinese peanut
accessions based on specific-locus amplified fragment sequencing (SLAF-seq)’ and an investigation of the genetic
architecture of a reference set of 300 peanut germplasms with the high-density single nucleotide polymorphism
(SNP) array ‘Axiom_Arachis’ (58 K SNPs)!°. To the best of our knowledge, there is a lack of molecular genetic
evidence of the differences and relationships among cultivated peanut subspecies and botanical varieties based
on diverse peanut germplasms and high-density polymorphic loci.

Simple sequence repeat markers, which are associated with high polymorphism information content and
represent useful molecular tools for analysing genomes', have been extensively used for assessing the genetic
variation of peanut germplasms*®’. However, these markers have failed to detect a high degree of polymorphism
in peanut germplasms because of the extensive repetitive genomic content. Additionally, compared with other
marker systems, SSR-based assays are labour-intensive and time-consuming. Thus, a SNP marker assay may be
an appropriate alternative because SNPs represent the most abundant DNA sequence variations in the genome.
Recently, various high-throughput and relatively inexpensive SNP detection platforms as well as next-generation
sequencing techniques have been developed'?!*. Genotyping-by-sequencing (GBS), which is one of the most
important methods for detecting SNPs, is a genome-reduction technique based on the high-throughput
next-generation sequencing of genomic subsets targeted by restriction enzymes'>1°. Tunable GBS (tGBS)'7-% is
a novel genome-reduction method that involves the ligation of single-stranded oligos to restriction enzyme frag-
ments. Because of the additional (selective) nucleotides at the 3’-end of PCR primers, fewer sites are sequenced in
tGBS (i.e., a higher “genome-reduction level”), resulting in an increased read depth per sequenced site, assuming
that equal amounts of sequencing data are generated'”. Compared with the SNPs from conventional low-coverage
GBS methods, those generated by tGBS can be called with a higher confidence and do not require imputation,
which eliminates or decreases the number of induced errors'”'®,

The objective of this study was to interpret the evolutionary relationships among different botanical varieties
of peanuts and detect numerous potential polymorphic loci. Two varieties in subsp. fastigiata (var. fastigiata and
var. vulgaris) were distinguished by analysing 320 peanut germplasms with 37,128 high-quality SNP loci iden-
tified by tGBS. Additionally, the botanical varieties of some accessions among the 320 cultivars were redefined
according to molecular data and morphological features. This data set will serve as a valuable resource for funda-
mental research regarding genetic variations in peanuts as well as a source of potential polymorphic loci for the
application of marker-assisted selection in peanut breeding. Moreover, we revealed that different botanical vari-
eties can be defined based on molecular information as well as morphological features. Furthermore, the genetic
relationships may be useful for identifying and explaining the genetic contaminants in some breeding lines or
released varieties, including the imprecisely defined irregular peanut types.

Results
Data generation. Strict criteria were used to filter the raw data, and 37,128 high-quality SNPs with less
than 30% missing data were analysed regarding their genetic diversity and population structure. Data2Bio con-
ducted tGBS on the 320 samples using ten Illumina HiSeq. 2000 lanes, generated 1.14 x 10° reads. Approximately
1.13 x 10° reads (i.e., 96.6%) remained after eliminating low-quality reads with a PHRED quality score <15 out
of 402122,

The genome of the tetraploid cultivated peanut has not been published. Thus, the genomes of two diploid
peanut progenitors, A. duranensis and A. ipaensis (Aradu_v1.0.fa and Araip_v1.0.fa)?, were artificially combined
to form a reference genome for sequence alignments with the GSNAP aligner®. Approximately 85.5% of the
trimmed reads were aligned to a single genomic location, and were used to detect SNPs. The criteria for identi-
fying homozygous and heterozygous SNPs were as follows: Number of reads > 4; allele frequency > 0.8; exclude
the first and last 3 bp of each read; and include polymorphic sites with a PHRED quality score >20 (<1% error
rate). Additionally, heterozygous SNPs required an allele frequency >0.3. A total of 1,240,787 polymorphic sites,
including all sites that differed from the reference sequence in at least one sample, were obtained after aligning all
reads to the reference genome.

A subset of 253,595 SNPs was identified, with each SNP required to have less than 80% missing data across 320
samples, and be present in exactly two alleles and in at least two genotypes. The minor allele needed to be present
in at least three samples and at least one homozygous sample. An additional requirement was a heterozygosity
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Overall 0.043 0.127 0.080
var. hypogaea 0.044 0.117 0.070
var. hirsuta 0.054 0.090 0.069
var. vulgaris 0.050 0.117 0.078
var. fastigiata 0.054 0.099 0.077
irregular type 0.051 0.078 0.065

Table 1. Pairwise genetic distance among peanut accessions of different botanical types in the population.
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Figure 1. Frequency of genetic distance for different botanical types. The blue, red, green, purple, light blue and
orange stand for overall, var. hypogaea, var. hirsuta, var. vulgaris, var. fastigiata, and irregular type respectively.
For overall, var. vulgaris and var. fastigiata, most of the genetic distance lie in 0.073~0.083, while for var.
hypogaea, var. hirsuta and irregular type, most of the genetic distance is between 0.063 and 0.073.

frequency of 0-0.1. There were 37,128 SNPs that remained when the missing data rate was increased to 30%, while
the other filter parameters were unchanged. The histograms presenting the average missing data rate (18.1%)
and average number of reads (nine) per SNP site are provided in Supplementary Fig. S1. Because of the scaffold
nature of the current reference genome, 33,997 SNPs (i.e., 91.6%) were located on 20 chromosomes. Moreover,
the 33,997 SNPs were unevenly distributed across the whole genome (Supplementary Fig. S2) and the number of
SNP on each chromosome and SNP density were showed in Supplementary Table S1. There were also more SNPs
in the A sub-genome (20,967) than in the B sub-genome (13,030). Furthermore, chromosome A01 harboured
the most SNPs (5,119), while chromosome A08, which was the shortest chromosome, contained the fewest (315).

Genetic distances between peanut accessions. The genetic distance matrix between all 320 peanut
accessions was calculated used the arithmetic implemented in the software TASSEL5.2.13%%. Among the 51,040
combinations (Supplementary Table S2), the genetic distance ranged from 0.043 to 0.127, with an average of 0.080
(Table 1). The smallest genetic distance (0.043) was observed between accessions Z142 and Z693, both of which
are cultivars from Shandong province, China. An analysis of the pedigrees of these two cultivars revealed that
7693 was the ancestral parent of Z142 (Supplementary Fig. S3). The largest genetic distance (0.127) was detected
between accessions Z409 and Z209, which are a var. hypogaea released variety from China and a var. vulgaris
cultivar from South Africa, respectively. For the five tested botanical types, the mean of genetic distance was less
than 0.1 and the largest average genetic distance was observed for var. vulgaris, followed by var. fastigiata, var.
hypogaea, var. hirsuta, and irregular type (Table 1).The genetic distance frequencies for the different botanical
types are presented in Fig. 1. The genetic distance between var. vulgaris and var. fastigiata was between 0.073 and
0.083. In contrast, the genetic distance was between 0.063 and 0.073 for var. hypogaea, var. hirsuta, and irregular
type accessions (Fig. 1).

Phylogenetic tree. A phylogenetic tree consisting of 320 peanut accessions was constructed based on the
37,128 high-quality SNPs obtained from tGBS (Fig. 2). The tested peanut accessions were clearly divided into
three clusters (C1, C2, and C3). Clusters C1 and C2 mainly comprised var. fastigiata and var. vulgaris, respectively,
from the subsp. fastigiata. Meanwhile, the accessions in cluster C3 included var. hypogaea, var. hirsuta, and irreg-
ular type, from the subsp. hypogaea.
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Figure 2. Phylogenetic tree of 320 peanut accessions constructed by UPGMA algorithm implemented in
software TASSEL5.2.13 using 37,128 SNPs obtained from tGBS. The five botanical varieties var. fastigiata, var.
vulgaris, var. hypogaea, var. hirsuta, and irregular type are colored in blue, red, green, purple and light green
respectively. The 320 peanut accessions are clustered into three clusters C1, C2, and C3, which corresponding to
var. fastigiata, var. vulgaris, and sub. hypogaea respectively.

Cluster C1 contained 32 peanut accessions, all of which were var. fastigiata, except for two accessions (2195
and Z218), which were var. vulgaris, and one accession (Z54), which was var. hypogaea. Cluster C2 consisted of
81 peanut cultivars, which were var. vulgaris, with the exception of three accessions that were var. fastigiata and
five cultivars that were var. hypogaea. The three var. fastigiata accessions (286, 2188, and Z216) were from the
same subspecies as var. vulgaris. Four of the five var. hypogaea cultivars (Z185, Z197, Z222, and Z247) were from
outside China, while the fifth cultivar (Z376) was a Chinese landrace. The common characteristic among these
five cultivars was the production of a small pod (up to 25 mm long and 13 mm wide). Cluster C3 represented the
largest cluster, with 144 var. hypogaea, 20 var. hirsuta, 29 var. vulgaris, and 14 irregular type accessions. Among the
29 var. vulgaris accessions, four (25, Z38, Z66, and Z908) were Chinese landraces, five (2186, Z187, 2223, 2227,
and Z257) were from outside China, and the remaining 20 accessions were Chinese breeding lines. Although
these accessions were classified as var. vulgaris, their pods were larger than those of cluster C2 accessions. The 20
var. hirsuta and 14 irregular type peanut accessions were sparsely distributed in cluster C3 (Fig. 2).

Principal component analysis. Principal component analysis refers to a dimensionality reduction tech-
nique that is often applied to analyse genotype data to infer the population structures of genetic resources®>2.
To further verify the clustering observed in the phylogenetic tree, a PCA was conducted using the same samples
and SNP set. The scatter plots of the first three principal components were displayed in a three-dimensional space
(Fig. 3). The scatter plots clearly revealed that the accessions in the three clusters of the phylogenetic tree were
grouped separately, except for the slight overlap between clusters C2 and C3 (Fig. 3).

Population structure analysis. The population structure was explored with 37,128 SNPs and
STRUCTURE v2.3.4%. Additionally, Structure Harverster®® was used to determine the optimal K value accord-
ing to the maximum AK value. The highest AK value (150.957) was observed when K=2 (Fig. 4). This result
indicated that the 320 peanut accessions should be divided into two subgroups (G1 and G2), corresponding to
two subspecies (sub. fastigiata and sub. hypogaea, respectively) (Fig. 5). The three subgroups (SG1, SG2, and
SG3) when K=3 (AK=23.720) corresponded to var. vulgaris, var. fastigiata, and subsp. hypogaea, respectively.
Moreover, when K = 3, var. fastigiata and var. vulgaris were clearly divided into two groups, whereas they were not
in separate groups when K=2 (Fig. 5).
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Figure 3. Three-dimensional scatter plots of the first three principal components. The blue dots stand for

the first cluster (C1) in phylogenetic tree, consisted by varieties from var. fastigiata. The red dots display the
distribution of the second cluster C2, mainly included germplasms from var. vulgaris. The green dots represent
the cluster C3, most cultivars of which are from subsp. hypogaea.
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Figure 4. AK based on the rate of change of LnP(D) between successive K. The value of AK reached the highest
(150.957) when K =2, indicating that 320 peanut accessions should be divided into two subgroups AK and
reached the second largest value (23.720) with K=3.

As presented in Supplementary Table S3, when K =2, the lines in clusters C1 and C2 were grouped in sub-
group G1, except for accession Z383, which is a released variety from China. Meanwhile, the lines in cluster C3
belonged to subgroup G2, with the exception of seven Chinese breeding lines (2112, Z377, 2164, Z12, 2847, Z13,
and Z404). When K =3, clusters C1, C2, and C3 in the evolutionary tree corresponded to subgroups SG2, SG1,
and SG3, respectively. Additionally, consistent with the observations when K =2, accession Z383 in cluster C2
was classified in subgroup SG3, while the same seven Chinese breeding lines (2112, Z377, 2164, 212, 7847, 713,
and Z404) in cluster C3 were grouped together in subgroup SG1 (i.e., botanical type of these closely related lines:

SCIENTIFICREPORTS| (2018) 8:14500 | DOI:10.1038/s41598-018-32800-9 5



www.nature.com/scientificreports/

Cl1 0.035 0.284 0.452
C2 0.048 0.406
C3 0.012

Table 2. Pairwise Fg between three clusters of phylogenetic tree (upper triangle) and the mean diversity () for
each cluster (diagonal).
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Figure 5. Structure analysis of subdivision of the population (K=2 and 3) with STRUTURE 2.3.4. With K=2,
320 peanut accession were divided into two subspecies, subsp. fastigiata and subsp. hypogaea. With K= 3, subsp.
fastigiata was differentiated into two groups, corresponding to var. vulgaris and var. fastigiata respectively.

var. vulgaris) (Supplementary Fig. 4). Moreover, another seven germplasms (2195, Z263, Z194, 7284, 7266, 7218,
and Z238) in cluster C1 were classified in subgroup SG1 when K =3 (Supplementary Table S3). Among this group
of germplasms, accessions Z195 and Z218 were var. vulgaris, while the other five accessions belonged to the same
subspecies as var. vulgaris.

Pairwise fixation index (Fs;) and nucleotide diversity (7). The Fy;and w values were used to deter-
mine the genetic differences among the three clusters in the evolutionary tree and the mean diversity for each
cluster (Table 2). It should be noted that only landraces and the SNPs with a MAF greater than 0.05 and distrib-
uted on all 20 chromosomes (i.e., 9,378 SNPs) were used to calculate the Fg value. This was because these lan-
draces were not associated with any artificial hybridisations and were useful for elucidating the characteristics of
different botanical types. Regarding the w value, all 320 peanut accessions and the 33,997 SNPs distributed on 20
peanut chromosomes (Supplementary Fig. S1) were used to calculate the mean diversity for each group.

The values in the upper triangle of Table 2 represent the Fg; values among the three clusters (C1, C2, and C3)
in Fig. 2, while the diagonal values correspond to the w of each cluster. As expected, clusters C1 and C2 in the
same subspecies had a closer relationship (0.284) than these clusters in different subspecies (0.452 and 0.406),
indicating that var. hypogaea was clearly distinct from the other two botanical varieties (Fg; > 0.4). Similarly, the
Fgpvalue between clusters C2 and C3 was smaller than that between clusters C1 and C3. The w values indicated
that cluster C2 (0.048) had the broadest diversity, followed by clusters C1 (0.035) and C3 (0.012).

Discussion

The genetic diversity and population structure of the 320 accessions were analysed using 37,128 high-quality
SNPs obtained by tGBS. A phylogenetic analysis indicated the 320 peanut accessions were classified into clusters
C1, C2, and C3, which corresponded to var. fastigiata, var. vulgaris, and subsp. hypogaea, respectively. To the best
of our knowledge, this study is the first to reveal the genetic relationship between var. fastigiata and var. vulgaris.
Moreover, the clusters were further validated by a PCA and a population structure analysis, with results that were
consistent with the relationships indicated by the phylogenetic tree. Additionally, the Fyr values suggested that
the varieties in the same subspecies (clusters C1 and C2) were more closely related than the varieties in different
subspecies (clusters C1 and C3 as well as C2 and C3). Furthermore, the 7 values implied that cluster C2 had the
broadest genetic diversity.

In this study, the botanical types of 320 peanut germplasms were first determined based on published infor-
mation. The classifications of some accessions that exhibited characteristics that obviously contradicted their
documented type were corrected, and accessions with no available information in published material were clas-
sified based on the following parameters: presence of flowers on the main stem, number of seeds per pod, pod
appearance and shape, total number of branches, and plant growth type. However, these traits are very likely
controlled by a few genetic factors and make the classification difficult for peanut breeders and researchers during
their works and studies, especially when some of the accessions harbor mixed morphological features.
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There were three types of revised classifications (Supplementary Table S3). First, peanut accessions with an
undefined botanical type were classified. This group comprised 67 samples, including 15 Chinese landraces, 21
accessions from outside China, and 31 Chinese breeding lines. For example, the botanical type of Z198 was not
determined by Belamkar et al.*, but the observation that Z198 plants contained flowers on the main stem and pro-
duced three seeds per pod suggested the botanical type of accession Z198 was var. fastigiata. Second, the botanical
type of 17 varieties that were considered to be imperfectly defined in the available literature was revised. Although
the botanical types of these accessions were based on information in published articles and databases, we believe
the accessions were erroneously defined. These accessions were grouped in the right subspecies, but the incorrect
botanical types were revised according to the number of seeds per pod or pod appearance. For example, Belamkar
et al.* determined that Z225 was var. fastigiata, but we revised this classification to var. vulgaris because the plants
produced only two seeds per pod. Third, the botanical types of eight cultivars were revised between subspecies.
For example, accession Z0, which is a landrace and a parental line of most Chinese breeding lines, was previously
designated as var. vulgaris. However, we observed that this accession lacked flowers on the main stem, and pro-
duced relatively large seed pods with deep constrictions. Accordingly, we redefined accession Z0 as var. hypogaea.

The genetic diversity and population structure of 320 peanut accessions were evaluated with 37,128
high-quality SNPs. This study involved more markers and a larger sample size than most of the previous related
studies, in which only a few SSR markers and peanut germplasms were used to investigate evolutionary relation-
ships. For example, 19 SSR markers were used to analyse the genetic architecture of 24 peanut germplasms?®, 34
SSR primer pairs were applied to evaluate the genetic diversity among 96 peanut cultivars®, and 14 SSR mark-
ers were used to investigate the genetic relationships among 90 released varieties in Henan province, China®'.
Although SSR markers have been extensively used to study peanuts', their polymorphism rate is quite low and
methods involving these markers are time-consuming and labour-intensive®. Thus, SNP markers represent a bet-
ter option with the development of next-generation sequencing technology. A large SNP dataset was recently used
for genetic assessments for a genome-wide association study (GWAS) and the development of a SNP array®'°.

In this study, var. fastigiata and var. vulgaris in subsp. fastigiata were distinguished for the first time. The 320
peanut accessions were grouped into three clusters according to the phylogenetic tree, with the first two clusters
consisting of var. fastigiata and var. vulgaris accessions (subsp. fastigiata), while the third cluster comprised var.
hypogaea, var. hirsuta, and irregular type accessions (subsp. hypogaea). Moreover, var. fastigiata and var. vulgaris
in subsp. fastigiata were clearly divided into two clusters (Fig. 2), while the var. hirsuta samples were scattered
among var. hypogaea samples. In all other related studies*®, only two subspecies (fastigiata and hypogaea) were
clearly distinguished. The two most recent SNP-based genetic analyses of peanuts included 17,338 SNPs devel-
oped by SLAF-seq.” and a 58 K SNP array'®. Both of these studies were only able to confirm the relationship
between two subspecies. Further, the 14 irregular type accessions were scattered only in the subsp. hypogaea in
this study. These accessions were all released varieties derived from crossing between the two subsp. in northern
China, where the subsp. hypogaea were the popular botanical type. It was implied that the released irregular types
were more similar to the subsp. hypogaea in phenotype under the breeding selection and possessed great pro-
portion of genetic background from subsp. hypogaea, thus, they were classified to subsp. hypogaea subsequently.
Therefore, when a peanut accession with a complex mixture of genetic background is difficult to be assigned to
subspecies like the mentioned “irregular types’, genotyping with GBS or high density molecular markers could be
applied as a good solution. Our data revealed that the genetic distance of the tested peanut accessions ranged from
0.043 to 0.127, with an average of 0.080, while a previous genetic distance ranged from 0.019 to 0.837 with an
average of 0.468 was reported by Zhang et al.*?. The smaller range in our case is likely because our study included
more marker loci taking account that the diverse samples were carefully selected from over 2,000 germplasms.
The largest average genetic distance was observed for var. vulgaris, followed by var. fastigiata, var. hypogaea, var.
hirsuta, and irregular type. Therefore, genetic diversity was greatest for var. vulgaris, followed by var. fastigiata and
var. hypogaea, which was consistent with the observed =.

A pseudo-reference genome was developed based on the genomes of two diploid progenitors of cultivated
peanut, A. duranensis (A genome) and A. ipaensis (B genome). To identify unique read loci, genomes A and B
were artificially merged to form 20 chromosomes, which were then used for SNP calling. This may have resulted
in some inaccuracies in the read mapping and detection of SNP loci. However, this method represents the only
viable option, at least until the tetraploid A. hypogaea L. genome is published. A set of 37,128 high-quality SNPs,
with a 30% missing data rate, was generated through tGBS. These SNPs were obtained based on the require-
ment that the minor allele is present in at least three samples and at least one homozygous sample (i.e., MAF of
approximately 0.01). When the MAF was increased to 0.05, only 10,004 SNPs remained. However, the same three
clusters were included in the phylogenetic tree regardless of whether 10,004 SNPs or 37,128 SNPs were used (data
not shown).To verify our classification results, we analysed the pedigrees of nine accessions (2112, Z377, 2240,
7164, 714,212, 7847, Z13, and Z404) that were grouped together in a branch of cluster C3 in the phylogenetic
tree (Fig. S4). It indicated that eight of these nine accessions are closely related except for Z240, which is an acces-
sion collected from the germplasm bank and its pedigree information is not available. Further effort is needed to
investigate its genetic background.

There are additional minor problems associated with SNP calling and genetic analyses of peanut accessions.
First, although the missing data rate for each SNP across 320 samples was maintained within 30%, the missing
data rate for all SNPs in each sample was neglected in most studies, which may have resulted in errors. For exam-
ple, the abnormal position of accession Z383 in the phylogenetic tree may be due to its high missing data rate
(55.1%). This accession is a released var. vulgaris cultivar, which should be in cluster C3, at least according to the
population structure analyses when K=2 or 3 (Supplementary Table S3). Second, the LD decay plots were not
satisfactorily produced based on 37,128 SNPs, possibly because of a limited number of SNPs and/or an uneven
distribution of SNPs on the 20 chromosomes. Hence, whole genome resequencing with high coverage and a
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reliable cultivated peanut reference genome represents a better option for investigating allotetraploid cultivated
peanut crops with abundant repetitive sequences.

Materials and Methods

Plant materials. A total of 320 peanut accessions were selected from the Henan Academy of Agricultural
Sciences germplasm resource, which comprises about 2,000 peanut germplasms from around the world.
The accessions were collected based on phenotypic characteristics, including plant height, number of total
branches, and growth habit (spreading or erect), as well as the results of a cluster analysis of molecular markers
(Supplementary Table S3). The selected peanut accessions included 100 landraces and 133 breeding lines from
China and 87 accessions from the US mini-core collection?. The botanical information for the selected Chinese
varieties was derived from available monographs®*-¢ and an online database (http://www.peanutdata.cn). Details
regarding the remaining varieties were obtained from published articles*®’-41. Additionally, all selected peanut
accessions were grown at the experimental station of the Henan Academy of Agricultural Sciences, Yuanyang,
Henan, China for a subsequent morphological examination. A total of 67 accessions lacking available information
were evaluated and the classifications for 25 accessions were revised according to the presence of flowers on the
main stem, number of seeds per pod, number of branches, pod appearance, and growth habit (spreading or erect)
according to the descriptions for different botanical varieties*. The 320 peanut accessions consisted of 150 var.
hypogaea, 104 var. vulgaris, 32 var. fastigiata, 20 var. hirsuta, and 14 irregular type accessions.

DNA extraction and sequencing. The QIAGEN DNeasy Plant Mini Kit was used to extract genomic DNA
from the fresh leaves of a single plant for each accession. The DNA concentrations for the 320 samples were meas-
ured with the NanoDrop-2000 spectrophotometer. For each accession, approximately 20 ug DNA was transferred
to 96-well plates and freeze-dried for tGBS, which was completed by Data2Bio (USA). The DNA samples were
genotyped using an Illumina HiSeq. 2000 system and the Data2Bio proprietary tGBS technology'’.

SNP calling. The reference genomes of two diploid progenitors of cultivated peanut (Aradu_v1.0.fa and
Araip_vl1.0.fa) were obtained from peanutbase.org and used as the pseudo-reference, with 2,059 contigs and
a total length of 2.44 Gb2. Each sequenced read was scanned for low-quality regions and bases. Reads with a
PHRED quality score less than 15 out of 40 (i.e., error rate < 3%) were trimmed?"*?. The trimmed reads for each
sample were aligned to the reference genome using the GSNAP aligner?. Reads corresponding to the best align-
ments (i.e., maximum of two mismatches for every 36 bp of read length and a maximum of 5bp for every 75bp
of tail read length) were then extracted and used to identify SNPs. On average, each SNP was supported by nine
reads, ensuring accurate genotyping.

Analysis of genotyping data. The genetic distance matrix was calculated, an unweighted pair group
method with arithmetic average cladogram*? was constructed and the principal component analysis (PCA) was
completed using TASSEL5.2.13 (http://www.maizegenetics.net/tassel)**. The archaeopteryx tree was saved in the
Newick format and a phylogenetic tree was prepared using the iTOL v4 online tool (http://itol.embl.de/)*. A
three-dimensional scatter plot of the first three principal components was plotted using the R package “scatter-
plot3d” (https://cran.r-project.org/web/packages/scatterplot3d/index.html)*.

A model-based (Bayesian) clustering method implemented with STRUCTURE v2.3.4 (http://web.stanford.
edu/group/pritchardlab/structure.html)?” was used to investigate the population structure. The program was run
10 times for each K value, ranging from 1 to 10, with a 1,000 burn-in time and 1,000 iterations. The optimal K
value was determined based on the AK from the Structure Harvester v0.6.94 (http://alumni.soe.ucsc.edu/~dearl/
software/structureHarvester/)* program.

The pairwise fixation index (Fgy), which explains the genetic differentiation between sub-populations, was
estimated with Genepop v4.6 (http://kimura.univ-montp2.fr/%7Erousset/Genepop.htm)*. Data for the F¢anal-
ysis were pre-processed by keeping SNPs with a minor allele frequency (MAF) greater than 0.05 and remov-
ing SNPs from scaffolds. To eliminate the influence of genetic crosses, only landraces were selected for the Fg
analysis.

Nucleotide diversity () was assessed using MEGA v7.0 (https://www.megasoftware.net/)*¢, with 300 boot-
straps and the maximum composite likelihood model. Nucleotide diversity is a molecular genetics concept used
to measure the degree of polymorphism within a population?. The SNP data for scaffolds were removed before
calculating the mean diversity for each group.

Data Availability
The raw data of this study has been deposited in the NCBI Sequence Read Archive (SRA) under accession
SRP152747.

References

1. Wynne, J. C., Haiward, T. & Knauft, D. A. Cytogenetics and genetics of Arachis. Crit. Rev. Plant. Sci. 8, 189-220 (1989).

2. Bertioli, D. . et al. The genome sequences of Arachis duranensis and Arachis ipaensis, the diploid ancestors of cultivated peanut. Nat.
Genet. 48, 438-446 (2016).

3. Krapovickas, A. & Gregory, W. C. Taxonomia del género Arachis (Leguminosae). Bonplandia 8, 1-186 (1994).

4. Belamkar, V. et al. A first insight into population structure and linkage disequilibrium in the US peanut minicore collection. Genetica
139, 411-429 (2011).

5. Jiang, H., Ren, X. & Liao, B. Peanut core collection established in China and compared with ICRISAT mini core collection. Acta.
Argo. Sin. 34,25-30 (2008).

6. Ren, X. et al. Genetic diversity and population structure of the major peanut (Arachis hypogaea L.) cultivars grown in China by SSR
markers. PLoS One 9 (2014).

SCIENTIFICREPORTS| (2018) 8:14500 | DOI:10.1038/s41598-018-32800-9 8


http://www.peanutdata.cn
http://www.maizegenetics.net/tassel
http://itol.embl.de/
https://cran.r-project.org/web/packages/scatterplot3d/index.html
http://web.stanford.edu/group/pritchardlab/structure.html
http://web.stanford.edu/group/pritchardlab/structure.html
http://kimura.univ-montp2.fr/%7Erousset/Genepop.htm
https://www.megasoftware.net/

www.nature.com/scientificreports/

19.

20.

21

23.
24.

25.
26.

27.
28.
29.

30.
31.

32.
33.
34.
35.
36.
37.
. Bailey, W. K. & Hammons, R. O. Registration of Chico peanut germplasm (Reg. No. GP 2). Crop Sci. 15, 105 (1975).
39.
40.
41.

42.
43.

44,
45.

46.

47.

. Wang, H. et al. Analysis of genetic diversity and population structure of peanut cultivars and breeding lines from China, India and

the US using simple sequence repeat markers. J. Integr. Plant Biol. 58, 452-465 (2016).

. Khera, P. et al. Single nucleotide polymorphism-based genetic diversity in the reference set of peanut (Arachis spp.) by developing

and applying cost-effective kompetitive allele specific polymerase chain reaction genotyping assays. The Plant Genome, 6, (2013).

. Zhang, X. et al. Genome-wide association study of major agronomic traits related to domestication in peanut. Front. Plant Sci. 8,

1611 (2017).

. Pandey, M. K. et al. Development and evaluation of a high density genotyping ‘Axiom_Arachis’ array with 58 K SNPs for accelerating

genetics and breeding in groundnut. Sci. Rep. 7, 40577 (2017).

. Gupta, P. K. & Varshney, R. K. The development and use of microsatellite markers for genetic analysis and plant breeding with

emphasis on bread wheat. Euphytica 113, 163-185 (2000).

. Rafalski, J. A. Novel genetic mapping tools in plants: SNPs and LD-based approaches. Plant Sci. 162, 329-333 (2002).

. Oraguzie, N. C,, Rikkerink, E. H. A., Gardiner, S. E. & Silva, H. N. d. Association mapping in plants. (Springer-Verlag GmbH, 2007).
. Ganal, M. W,, Altmann, T. & Roder, M. S. SNP identification in crop plants. Curr. Opin. Plant. Biol. 12, 211-217 (2009).

. Baird, N. A. et al. Rapid SNP discovery and genetic mapping using sequenced RAD markers. PLoS One 3 (2008).

. Elshire, R. . et al. A robust, simple genotyping-by-sequencing (GBS) approach for high diversity species. PLoS One 6 (2011).

. Ott, A. et al. tGBS® genotyping-by-sequencing enables reliable genotyping of heterozygous loci. Nucleic Acids Res. 45, €178 (2017).
. Ali, ]. et al. Exploiting the genomic diversity of rice (Oryza sativa L.): SNP-typing in 11 early-backcross introgression-breeding

populations. Front. Plant Sci. 9, 849 (2018).

Liang, Z. et al. Phenotypic data from inbred parents can improve genomic prediction in pearl millet hybrids. G3 (Bethesda) 8,
2513-2522(2018).

Jia, G. et al. Detection of genomic loci associated with chromosomal recombination using high-density linkage mapping in Setaria.
Sci Rep. 7,15180 (2017).

. Ewing, B. & Green, P. Base-calling of automated sequencer traces using phred. II. Error probabilities. Genome Res. 8, 186-194 (1998).
22.

Ewing, B., Hillier, L., Wendl, M. C. & Green, P. Base-calling of automated sequencer traces using phred. I. Accuracy assessment.
Genome Res. 8,175-185 (1998).

Wu, T. D. & Nacu, S. Fast and SNP-tolerant detection of complex variants and splicing in short reads. Bioinformatics 26, 873-881
(2010).

Bradbury, P. J. et al. TASSEL: software for association mapping of complex traits in diverse samples. Bioinformatics 23, 2633-2635
(2007).

Patterson, N., Price, A. L. & Reich, D. Population structure and eigenanalysis. PLoS Genet. 2, 2074-2093 (2006).

Lee, C., Abdool, A. & Huang, C.-H. PCA-based population structure inference with generic clustering algorithms. BMC
Bioinformatics 10, S73 (2009).

Pritchard, J. K., Stephens, M. & Donnelly, P. Inference of population structure using multilocus genotype data. Genetics 155, 945
(2000).

Earl, D. A. & vonHoldt, B. M. Structure Harvester: a website and program for visualizing Structure output and implementing the
Evanno method. Conserv. Genet. Resour. 4,359-361 (2012).

Han, Z., Gao, G., Wei, P, Tang, R. & Zhong, R. Analysis of DNA polymorphism and genetic relationships in cultivated peanut
(Arachis hypogaea L.) using microsatellite markers. Acta. Agro. Sin. 30,1097-1101 (2004).

Tang, R. et al. Genetic diversity in cultivated groundnut based on SSR markers. J. Genet. Genomics. 34, 449-459 (2007).

Sun, Z. et al. DNA fingerprinting of peanut (Arachis hypogaea L.) varieties released in Henan Province. Acta. Argo. Sin. 42,
1448-1461 (2016).

Zhang, X. et al. Establishment and evaluation of a peanut association panel and analysis of key nutritional traits. J. Integr. Plant Biol.
60, 195-215 (2018).

Yu, S. Chinese peanut cultivar and pedigree. (Shanghai: Shanghai Scientific Technology Press, 2008).

Feng, H. & Luan, W. Chinese peanut varieties. (Beijing: Agriculture press, 1987).

Shandong Peanut Research Institute. Catalogue of Chinese peanut varieties. Qingdao: Shandong Peanut Research Institute (1978).
Oil Crops Research Institute of the Chinese Academy of Agricultural Sciences. Catalogue of Chinese peanut varieties: sequel one.
Beijing: Agriculture press (1993).

Banks, D. J. & Kirby, J. S. Registration of Pronto peanut (Reg No. 28). Crop Sci. 23, 184-184 (1983).

Wang, M. L. et al. Population structure and marker-trait association analysis of the US peanut (Arachis hypogaea L.) mini-core
collection. Theor. Appl. Genet. 123, 1307-1317 (2011).

Chenault Chamberlin, K. D., Melouk, H. A. & Payton, M. E. Evaluation of the U.S. peanut mini core collection using a molecular
marker for resistance to Sclerotinia minor Jagger. Euphytica 172, 109-115 (2010).

Fonceka, D. et al. Fostered and left behind alleles in peanut: interspecific QTL mapping reveals footprints of domestication and
useful natural variation for breeding. BMC Plant Biol. 12, 26 (2012).

Sneath, P. H. A. & Sokal, R. R. Numerical Taxonomy. Nature 193, 855 (1962).

Letunic, I. & Bork, P. Interactive tree of life (iTOL)v3: an online tool for the display and annotation of phylogenetic and other trees.
Nucleic Acids Res. 44, W242-W245 (2016).

Ligges, U. & Méchler, M. Scatterplot3d — an R package for visualizing multivariate data. J. Stat. Soft. 8, 1-20 (2003).

Rousset, F. genepop’007: a complete re-implementation of the genepop software for Windows and Linux. Mol. Ecol. Resour. 8,
103-106 (2008).

Kumar, S., Stecher, G. & Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for bigger datasets. Mol. Biol.
Evol. 33, 1870-1874 (2016).

Nei, M. & Li, W. H. Mathematical model for studying genetic variation in terms of restriction endonucleases. Proc.Natl. Acad.Sci.
USA 76, 5269-5273 (1979).

Acknowledgements

This study was supported by a grant from the Henan Province Open Cooperation Project of Science and
Technology (No. 172106000007), fund for Excellent Young Scholars from Henan Academy of Agricultural
Sciences (No. 2018YQ05), Key Science and Technology Program of Henan Province (No. 161100111000),
China Agriculture Research System (No. CARS-13), Henan Agriculture Research System (No. S2012-5), and
partly supported by the open funds of the State Key Laboratory of Plant Physiology and Biocheminstry (No.
SKLPPBKF1805). We thank Liwen Bianji, Edanz Editing China (www.liwenbianji.cn/ac) for editing the English
text of a draft of this manuscript.

SCIENTIFICREPORTS| (2018) 8:14500 | DOI:10.1038/s41598-018-32800-9 9


http://www.liwenbianji.cn/ac

www.nature.com/scientificreports/

Author Contributions

X.Z. and B.H. designed the experiments. Z.Z., H.L.,L.M., P.D., W.G,, S.H., W.D,, ET,, H.H. and B.H. conducted
field trials. Z.Z., Z.S., FQ. and L.S. performed molecular marker experiments. Z.S., Y.E, EC. and B.H. analysed
and interpreted the data. Z.Z., Z.S., B.H. and X.Z. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32800-9.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:14500 | DOI:10.1038/s41598-018-32800-9 10


http://dx.doi.org/10.1038/s41598-018-32800-9
http://creativecommons.org/licenses/by/4.0/

	Genetic Diversity, Population Structure, and Botanical Variety of 320 Global Peanut Accessions Revealed Through Tunable Gen ...
	Results

	Data generation. 
	Genetic distances between peanut accessions. 
	Phylogenetic tree. 
	Principal component analysis. 
	Population structure analysis. 
	Pairwise fixation index (FST) and nucleotide diversity (π). 

	Discussion

	Materials and Methods

	Plant materials. 
	DNA extraction and sequencing. 
	SNP calling. 
	Analysis of genotyping data. 

	Acknowledgements

	Figure 1 Frequency of genetic distance for different botanical types.
	Figure 2 Phylogenetic tree of 320 peanut accessions constructed by UPGMA algorithm implemented in software TASSEL5.
	Figure 3 Three-dimensional scatter plots of the first three principal components.
	Figure 4 ∆K based on the rate of change of LnP(D) between successive K.
	Figure 5 Structure analysis of subdivision of the population (K = 2 and 3) with STRUTURE 2.
	Table 1 Pairwise genetic distance among peanut accessions of different botanical types in the population.
	Table 2 Pairwise FST between three clusters of phylogenetic tree (upper triangle) and the mean diversity (π) for each cluster (diagonal).




