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of four genotypes. Sanger sequencing of PCR products 
targeting 110 SNPs revealed 13 true SNPs between tetra-
ploid genotypes and 193 homoeologous SNPs within geno-
types. Eight out of the 22 polymorphic SSR markers were 
selected to evaluate the genetic diversity of Florida peanut 
breeding lines and the U.S. peanut mini core collection. 
This marker set demonstrated high discrimination power by 
displaying an average polymorphism information content 
value of 0.783, a combined probability of identity of 10−11, 
and a combined power of exclusion of 0.99991. The struc-
ture analysis revealed four sub-populations among the pea-
nut accessions and lines evaluated. The results of this study 
enriched the peanut genomic resources, provided over 6000 
novel SSR markers and the credentials for true peanut SNP 
marker development, and demonstrated the power of newly 
developed SSR markers in genotyping peanut germplasm 
and breeding materials.
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Introduction

Cultivated peanut or groundnut (Arachis hypogaea L.) is 
an important oilseed legume crop. It is an annual herba-
ceous plant grown throughout the world, primarily in Asia, 
Africa, South and North America (Tillman and Stalker 
2009). The cultivated peanut is an allotetraploid spe-
cies (2n = 4x = 40, AABB) in Arachis with two different 
genomes, A and B. The genome size was estimated to be 
2.8 Gb (Feng et al. 2012). Molecular markers are valuable 
tools to use in linkage map construction, gene mapping, 
marker-assisted selection (MAS), genomic selection, and 
gene discovery (Hyten et al. 2010). They are also a useful 
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tool for estimation of genetic diversity and discrimination 
between individuals (Kirst et  al. 2005). The molecular 
marker development in peanut is slow compared to other 
legume species such as Glycine max and Medicago trun-
catula, primarily due to limited genomic resources and 
genome complexity. Still, progress has been made in pea-
nut genomic resource development (Pandey et  al. 2012a, 
b; Varshney et  al. 2013). Recently, the public has been 
given access to the reference genomes of two wild spe-
cies, A. duranensis for the A genome and A. ipaensis for 
the B genome, the purported progenitors of cultivated pea-
nut. The reference genome of cultivated peanut is not yet 
available.

Transcript sequences, such as expressed sequence tags 
(ESTs) and short reads from next generation sequenc-
ing  (NGS) of RNA transcripts (RNAseq), are valuable 
genomic resources that provide direct access not only to 
gene content, but also gene sequence variance and the 
dynamics of gene expression (Pandey et al. 2012a, b; Var-
shney et  al. 2013). The first report on EST development 
in peanut was published by Luo et al. (2005), cataloging 
1345 ESTs into Genbank. Proite et al. (2007) contributed 
8785 ESTs derived from cDNA libraries from leaves and 
roots of A. stenosperma, a wild relative of peanut. Later, 
more ESTs were added from different tissues such as 
seeds (Guo et al. 2008; Bi et al. 2010; Song et al. 2010) 
and leaves (Guo et al. 2009). Koilkonda et al. (2012) and 
Nagy et  al. (2010) contributed 10,102 and 84,229 ESTs 
utilizing mixed tissues. Although it was estimated that 
the peanut genome contains 50,000 genes, the majority 
of the genome consists of repetitive sequences and non-
coding regions (Schmidt 2007). By April of 2014, a total 
of 254,541 Arachis ESTs became available to the peanut 
research community and it is likely that this number will 
continue to grow. These ESTs can be a great genomic 
resource for sequence-based simple sequence repeat 
(SSR) and single nucleotide polymorphism (SNP) marker 
development.

The SSR and SNP markers are mostly co-dominant 
and highly abundant in eukaryotic genomes. SSRs in Ara-
chis were first reported in 1999, and out of a total of 26 
SSRs identified at that time, six proved to be polymor-
phic (Hopkins et  al. 1999). Since then, more than 15,000 
SSRs have been made available to the public (Guo et  al. 
2013), while the majority are EST-SSRs. However, little 
has been reported on SNP marker development for tetra-
ploid peanuts. Although ample amounts of SNP markers 
are available throughout the genome, the peanut’s tetra-
ploid genomes (AABB) complicate SNP development 
due to polymorphism between the homoeologous A and 
B genomes. Two research groups reported the utilization 
of Illumina GoldenGate arrays containing 1536 and 768 

SNPs, respectively (Nagy et al. 2012a, b; Mallikariuna and 
Varshney 2014), which were only useful for diploid pea-
nut genotyping. Recently, Zhou et  al. (2014) developed a 
large number of SNP markers through NGS and 1621 of 
them were mapped on linkage groups. The availability of 
large numbers of SNP markers will greatly increase the 
marker density and contribute to the genome assembly of 
cultivated peanut. With a large amount of EST resources 
in Arachis, it is advisable to fully exploit the cost-efficient 
EST-SSRs within these sequences. In addition, the investi-
gation of the complex nature of SNPs in cultivated peanut 
will provide better understanding and guidance for large-
scale SNP marker development.

Germplasm collections are an effective way to store and 
maintain genetic diversity and resources. Peanut germ-
plasm collections are an important genetic resource for 
developing peanut cultivars with improved pod yield, seed 
grade, and biotic/abiotic stress resistance (Tillman and 
Stalker 2009). However, with almost 10,000 accessions in 
cultivated peanut germplasm collections, trait evaluation 
and gene identification become impractical and inefficient. 
The core and mini core collections have fewer accessions 
but are representative of the entire collection. They make 
thorough evaluation and further utilization of the germ-
plasm approachable (Upadhyaya 2005; Anderson et  al. 
1996). The U.S. peanut mini core collection containing 112 
accessions had been genotypically characterized using SSR 
markers in different studies (Kottapalli et  al. 2007; Bark-
ley et al. 2007; Wang et al. 2011). The average number of 
alleles per primer pair ranged from 8 to 10, indicating high 
levels of genetic variation between the mini core acces-
sions. In addition, these studies all reported the existence 
of population structure within the mini core accessions, 
which was associated with subspecies and botanical types 
of peanut. In China, 196 peanut cultivars were genotyped 
using 46 SSR markers and the genotyping generated three 
alleles per locus on average, indicating relatively low 
genetic variability among these cultivars (Ren et al. 2014) 
and the necessity to broaden the genetic basis through 
genome introgression from other germplasm collections or 
wild species. Investigating the genetic diversity and popu-
lation structure of the breeding lines and germplasm using 
molecular markers will facilitate parental line selection and 
provide guidance for peanut breeding programs. The objec-
tives of this study were to: (1) assemble and annotate the 
publicly available ESTs in Arachis and the in-house short 
reads, (2) develop and validate SSR and SNP markers, and 
(3) investigate the genetic diversity and population struc-
ture of the peanut breeding lines and U.S. peanut mini core 
collection using developed SSR markers. The results from 
this study will provide valuable tools for peanut breeding 
programs.
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Materials and methods

Sequence resources for marker development

Two different transcript sequence datasets were used in this 
study. One dataset was composed of 288,701 sequences 
generated by the 454 Genome Sequencer FLX+  system 
from two peanut cultivars, Georgia Green (Branch 1996), 
and C7616 (Corley Holbrook, personal communication, 
2013), which were available in our laboratory. The other 
database contained 252,951 Arachis ESTs downloaded 
from the National Center for Biotechnology Information 
(NCBI) on February 2013.

Sequence de novo assembly and annotation

The 454 sequences were first assembled using the GS 
de novo Assembler, Newbler v2.6 (454 Life Sciences, 
Roche) with a trimming file containing vector and primer 
sequences. The ‘sff’ file was input into Newbler using 
‘-cdna’ and ‘-vt’ option followed by the trimmer file. Then 
the output contigs and singletons from Newbler were fur-
ther assembled using CAP3 (Huang and Madan 1999), 
with ‘-o’ set to 40, ‘-p’ set to 95. The use of a second 
assembler was mainly to produce longer and more com-
plete contigs, thus making it possible to design primers in 
flanking regions of the markers. Our efforts in minimizing 
mis-assemblies from CAP3 were to use highly stringent 
parameters (‘-o’ 40, ‘-p’ 95). All the other settings were 
default for both assemblers. The resulting combination of 
contigs and singletons were considered as the first tran-
script set.

The Arachis NCBI EST database, was preprocessed 
using SeqClean (http://www.tigr.org/tdb/tgi/software/) to 
screen for vector contaminants, low quality sequences, as 
well as adaptor and linker sequences. During this process, a 
generic vector database UniVec (downloaded from NCBI) 
was used as required by SeqClean. Default settings were 
used for SeqClean. The sequences generated from Seq-
Clean were assembled using CAP3 with ‘-o’ set to 40 and 
‘-p’ set to 95. The other options were default. This param-
eter set was consistent with previous studies on EST analy-
sis (Quackenbush et al. 2000). These resulting contigs and 
singletons were considered as the second transcript set.

Each transcript set was annotated by blast against Gen-
Bank non-redundant protein (nr) and nucleotide (nt) data-
base using BLASTX (‘-b’ 20, ‘-p’ blastx, ‘-e’ 0.000001, 
‘-m’ 7) and BLASTN (‘-v’ 1, ‘-b’ 1, ‘-p’ blastn, ‘-e’ 
0.000001, ‘-m’ 8) programs, respectively. Gene Ontology 
(GO) terms were assigned to the transcripts using Blast2Go 
(Conesa et al. 2005). The transcripts were analyzed by Tar-
getIdentifier (http://proteomics.ysu.edu/tools/TargetIden-
tifier.html) to predict full-length cDNAs. All the settings 

followed authors’ recommendations. Each transcript set 
was compared to five available legume species’ gene indi-
ces including Glycine max (75.7 Mb), Medicago truncatula 
(53.3 Mb), Phaseolus vulgaris (20.6 Mb), Vigna unguicu-
lata (25.6  Mb) and Phaseolus coccineus (9.6  Mb) down-
loaded from DFCI at http://compbio.dfci.harvard.edu/tgi/
plant.html. A set of gene markers (Zimmer and Wen 2012) 
commonly utilized to resolve phylogenetic relationships of 
related plant species were searched in peanut transcripts 
and the five legume species’ gene indices by BLAST. The 
gene sequences of 26S RNA, chalcone synthase (CHS), 
and RPB2 found hits for all six species. For each species, 
the gene sequences corresponding to these three genes 
were concatenated together. Based on the sequences of this 
set of common genes across the six species, MEGA6 soft-
ware (Tamura et al. 2013) was used to construct a phyloge-
netic tree following the protocol described by Hall (2013). 
The two transcript sets were also compared to each other 
for detection of novel ESTs. The e value cutoff for BLAST 
was set to 10−6.

OrthoMCL clustering analysis

To identify orthologous gene groups, the protein sequences 
from A. hypogaea, the plant model species Arabidopsis 
thaliana, and three legume species G. max, M. trunca-
tula, P. vulgaris were analyzed using OrthoMCL software 
(Fischer et  al. 2011). The protein sequences of A. thali-
ana TAIR10 (Lamesch et  al. 2012), G. max Wm82.a2.v1 
(Schmutz et  al. 2010), M. truncatula Mt4.0v1 (Young 
et  al. 2011), and P. vulgaris v1.0 (Schmutz et  al. 2014) 
were obtained from Phytozome website (http://phyto-
zome.jgi.doe.gov/pz/portal.html). The protein sequences 
from ‘PrimaryTranscriptOnly’ were used. To obtain pro-
tein sequences of A. hypogaea, the novel ESTs from the 
454 database together with assembled sequences from the 
NCBI EST database were input into OrfPredictor (Min 
et  al. 2005). The resulting protein sequences were used 
as representatives of peanut proteome. Based on the rec-
ommendations, a pre-prepared BLASTX output file (to 
nr) was also input into OrfPredictor. All the options were 
following author’s suggestion (‘-v’ 1, ‘-b’ 1, ‘-e’ 1e-5 for 
BLASTX; default for OrfPredictor). The OrthoMCL analy-
sis on these protein sequences followed the ‘Basic Protocol 
2′ from Fischer et al. (2011). An e value of ‘1e-5’ was used 
for all-versus-all BLASTp comparisons. The inflation value 
(-I) was set to ‘1.5’ (OrthoMCL default).

SSR and SNP discovery

The two assembled transcript sets were used for SSR and 
SNP discovery. Both SSR detection and primer design were 
performed using a combined script of MISA and Primer3 

http://www.tigr.org/tdb/tgi/software/
http://proteomics.ysu.edu/tools/TargetIdentifier.html
http://proteomics.ysu.edu/tools/TargetIdentifier.html
http://compbio.dfci.harvard.edu/tgi/plant.html
http://compbio.dfci.harvard.edu/tgi/plant.html
http://phytozome.jgi.doe.gov/pz/portal.html
http://phytozome.jgi.doe.gov/pz/portal.html
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(You et al. 2008). As the NCBI EST database was a pub-
lic resource, a comprehensive literature search for publicly 
available Arachis SSR primer sequences was carried out to 
avoid developing duplicated SSRs. The collected Arachis 
SSR primer sequences were aligned to the NCBI EST tran-
script set using Bowtie (Langmead et al. 2009) with paired-
end alignment. The allowed mismatch was set to two and 
the insert size for valid paired-end alignments ranged from 
100 to 1000 bp. Only transcripts without hits were utilized 
in the SSR development.

For SNP discovery, cleaned sequence reads resulting 
from Newbler and SeqClean were aligned to their respec-
tive contigs using default settings in BWA-SW (Li and 
Durbin 2010). The SNP calling was carried out with Sam-
tools (Li et  al. 2009). The ‘SAM’ files from BWA-SW 
were converted to the binary format ‘BAM’. Options ‘-u 
-D -g -f’ were used in the ‘mpileup’ step. The information 
on SNP calling was stored in the ‘VCF’ files. The ‘BAM’ 
and ‘VCF’ files were viewed using Integrative Genomics 
Viewer (Thorvaldsdottir et al. 2013). SNPs with low qual-
ity or a read depth of less than two were filtered out using 
‘vcfutils.pl varFilter -d 2’.

SSR marker validation

For SSR marker validation, DNA samples isolated from 
four peanut cultivars: Georgia Green, C7616, Tifrun-
ner (Holbrook and Culbreath 2007), and NC3033 (Beute 
et al. 1976) were used as templates for SSR amplification 
and to evaluate the amplification rate, amplicon size, and 
polymorphism rate. Georgia Green and C7616 were used 
because the 454 sequences were derived from them. Thus 
these two genotypes served as template positive controls. 
Tifrunner was chosen due to its future role as a reference 
genome for tetraploid peanuts. Moreover, Tifrunner and 
NC3033 are two parental lines for a recombinant inbred 
line population segregating on white mold disease resist-
ance (Holbrook, personal communication, 2013). Genomic 
DNA was isolated based on the method described by Del-
laporta et  al. (1983). The extraction buffer from the pro-
tocol was modified with the addition of Polyvinylpyrro-
lidone (PVP) in order to remove phenolic compounds. In 

addition, an extra precaution was taken to remove lipids 
and proteins with chloroform prior to the usage of iso-
propanol. All SSR primers (Table 1) were synthesized by 
Invitrogen™, Life Technologies. PCR reactions were per-
formed in 10 μl volumes containing 1 μl of 10 ×  PCR 
buffer; 1.5 μl of magnesium chloride (25 mM); 0.8 μl of 
dNTP (2 mM); 0.5 μl of Taq enzyme; 1.4 μl of forward 
and reverse primers (2 mM); 1 μl of DNA template (10 ng/
μl); 3.8 μl of double distilled water. The PCR program 
was as follows: initial denaturation at 94 °C for 3 min; 35 
cycles of 94 °C for 30 s, 60 °C for 20 s, 72 °C for 40 s; 
and final extension at 72 °C for 7 min. PCR products were 
separated through 6  % non-denatured polyacrylamide 
gel electrophoresis (PAGE) under 320 volts for 3  h and 
imaged using silver staining.

SNP validation

Single nucleotide polymorphism validation was conducted 
by sequencing amplicons of selected SNP regions using 
the Sanger method. The primers for SNP region amplifi-
cation were designed from flanking sequences of the tar-
geted SNPs using Primer 3 (Table S1). The amplicon sizes 
were set to be within 120 and 600  bp to allow complete 
sequencing of the amplicon in both directions using Sanger 
sequencing technology. All SNP primers were synthesized 
by Invitrogen™, Life Technologies. The PCR templates 
were DNA samples isolated from the same four genotypes 
as used for SSR validation: Georgia Green, C7616, Tif-
runner, and NC3033. A PCR protocol for Phusion® High-
Fidelity DNA polymerase (M0530) from New England 
Biolabs, Inc. was used in accordance with manufacturer 
recommendations. The PCR program was as follows: initial 
denaturation at 94 °C for 3 min; 5 cycles of 94 °C for 30 s, 
68 °C for 20 s, 72 °C for 40 s; 5 cycles of 94 °C for 30 s, 
65 °C for 20 s, 72 °C for 40 s; 5 cycles of 94 °C for 30 s, 
60 °C for 20 s, 72 °C for 40 s; 25 cycles of 94 °C for 30 s, 
55 °C for 20 s, 72 °C for 40 s; and final extension at 72 °C 
for 7 min. The resulting PCR products were purified using 
the GenCatch Advanced PCR Extraction kit from Epoch 
Life Science (Catalog No. 23-60250). Purified PCR prod-
ucts were then sequenced using the Sanger method at the 

Table 1   Summary statistics of 
SSR detection and validation

454 database NCBI EST database Total

Di- Tri- >3 Di- Tri- >3

SSRs in the database 809 735 79 3421 2244 229 7517

SSRs designed with primers 371 437 30 3240 2163 214 6455

Ordered SSR primer pairs 52 93 12 105 100 18 380

Amplified SSRs 45 88 11 89 89 17 339

Polymorphic SSRs 5 2 0 11 3 2 22

Polymorphic rate 11.1 % 2.2 % 0 % 12.4 % 3.4 % 11.8 % 6.5 %
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Interdisciplinary Center for Biotechnology Research, Uni-
versity of Florida.

To distinguish the A and B genomes for SNP allele ori-
gin, DNA samples isolated from two wild diploid species: 
A. duranensis, PI 468321 and A. ipaensis, PI 468322 were 
used as templates for amplicon generation and sequencing 
from selected primer pairs. Sequences from the two geno-
types were compared to those generated from the four cul-
tivated peanut genotypes and visualized using DNA Baser 
Sequence Assembler v3.x (2012), Heracle BioSoft SRL.

SSR genotyping of peanut lines

Eight highly polymorphic SSR primer pairs were used to 
genotype the 142 peanut lines (Table S2). The 142 lines 
included 107 U.S. peanut mini core accessions (USDA, 
ARS, 2011), 31 lines (Barry L Tillman, personal com-
munication, 2013) from the Florida Peanut Breeding 
Program, and the four genotypes used in SSR validation. 
DNA samples of these lines were extracted following the 
same method as SSR validation. For PCR amplification 
of the SSRs, an oligo “tail”, ‘ACG ACG TTG TAA AAC 
GAC’, was added to the 5′ end of forward primers. Primer 
pairs were labeled with NED, PET, VIC, and FAM dyes 
(Table 2). The resulting PCR product was multiplexed for 
genotyping. PCR reactions were performed in 10 μl vol-
umes containing 1 μl of 10 × PCR buffer; 1.5 μl of magne-
sium chloride (25 mM); 0.8 μl of dNTP (2 mM); 0.5 μl of 
Taq enzyme; 1.4 μl of forward and reverse primer (2 mM); 
1 μl of DNA template (10 ng/μl); 1 μl of 10 × ammonium 
sulfate; 0.14 μl dye as mentioned above; 2.66 μl of dou-
ble distilled water. The PCR reaction followed a touchdown 
program: initial denaturation at 95 °C for 5 min; followed 

by 5 cycles of 96 °C for 1 min, 68 °C for 5 min (decreas-
ing 2 °C per cycle), 72 °C for 1 min; 5 cycles of 96 °C for 
1 min, 58 °C for 2 min (decreasing 2 °C per cycle), 72 °C 
for 1 min; 25 cycles of 96 °C for 1 min, 50 °C for 1 min, 
72 °C for 1 min; and final extension at 72 °C for 5 min. The 
PCR amplicons were checked on 1 % agarose gel. The four 
different dye-labeled PCR products from the same geno-
type were pooled together following the ratio: 3.0 μl FAM: 
3.0 μl VIC: 4.0 μl NED: 6.0 μl PET. The GeneScan™ 600 
LIZ™ size standard (Applied Biosystems, USA) and Hi-Di 
formamide were added to the combined PCR products for 
the ABI3730 sequencer system. The bands were separately 
scored using GeneMarker software (Holland and Parson 
2011). The presence of a band was scored as “1”; absence 
of a band was scored as “0”; missing data were scored as 
“9”.

SSR data analysis

The number of alleles for SSR markers across 142 geno-
types was recorded and polymorphism information content 
(PIC) was calculated using the formula from Botstein et al. 
(1980). In this study, the frequency of a unique genotype 
was considered the allele frequency (Milbourne et al. 1997; 
Pan 2006). The PIC value was calculated using an online 
tool PICcalc (Nagy et  al. 2012a, b). The probability of 
identity (I) and the power of exclusion (Q) were calculated 
using the formulas according to Paetkau et al. (1995) and 
Jamieson (1994) respectively.

To investigate the population structure among the 
142 individuals, each SSR marker band was treated as a 
dominant marker and the genotyping data was input into 
STRUCTURE software Ver 2.3.4 (Pritchard et  al. 2000). 

Table 2   The number of alleles, genotypes, polymorphism information content, probability of identity, power of exclusion, labeled dye, genomic 
location, and potential function of the eight SSR markers

‘NA’ means unknown
a  Indicates the average of the above values
b  Indicates the combined probability of I and Q, considering all SSR markers

SSR No. of alleles No. of genotypes PIC I Q Dye Location SSR-containing EST’s function

AHW064 4 6 0.619 0.161 0.424 FAM A09, B09 High similarity to Lotus japonicas chloroplast 
DNA

AHW0803 6 15 0.831 0.040 0.699 NED B04 NA

AHW0813 6 15 0.852 0.032 0.732 PET A09, B08 NA

AHW0818 8 13 0.745 0.076 0.590 VIC A04 NA

AHW0833 13 38 0.943 0.006 0.891 FAM NA NA

AHW0839 6 8 0.642 0.140 0.459 NED B01 NA

AHW0843 5 8 0.723 0.095 0.543 PET A07, B07 Protease inhibitor, seed storage lipid transfer 
protein family

AHW0845 6 22 0.912 0.012 0.835 VIC A03 NA

Overall 6.75a 15.6a 0.783a 1 × 10−11b 0.99991b
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The program ran 20 iterations with the ‘K’ value ranging 
from one to 13 (50,000 Burnin Period, 50,000 of MCMC 
Reps after Burnin). The admixture model was used as sug-
gested by Falush et al. (2007). Two methods were used to 
determine the best ‘K’: the use of L(K) (Rosenberg et  al. 
2001) and the ad hoc quantity method (Evanno et  al. 
2005). The same genotyping data were input into DARwin 
V5.0.137 (Perrier et al. 2003) to obtain a phylogenetic tree. 
The Neighbor-Joining method was used with 500 bootstrap 
replicates.

Results

Sequence assembly

The 454 database was composed of 288,701 reads, with 
an average length of 215 bp. The first assembly by New-
bler grouped 233,685 reads (84.6  %) into 2290 contigs 
with 42,700 reads remaining as singletons. The average 
contig length was 425 bp with an ‘N50’ of 679 bp (Table 
S3). After excluding 409 sequences with lengths less than 
20 bp and 35 sequences containing only N’s, all sequences 
from Newbler in conjunction with quality score informa-
tion were input into CAP3 for a secondary assembly. As a 
result, more contigs were generated (Fig. 1a). In total, 8942 
contigs were generated with an average length of 353  bp 
and an ‘N50’ of 362  bp. In addition, 35,065 singletons 
remained with an ‘N50’ of 228 bp. In summation, 44,007 
transcripts were obtained with an average length of 198 bp 
and an ‘N50’ of 240 bp (Table S3). The final assembly rate 
was 87.3  % (241,320 reads) with 12.7  % (35,065 reads) 
remaining as singletons.

Out of the 252,951 ESTs input from the NCBI data-
base, 54,977 were trimmed and 1420 sequences were dis-
carded. As a default option of SeqClean, all sequences less 
than 100  bp were removed. Therefore, a total of 251,531 
ESTs passed SeqClean and were assembled using CAP3. 
Consequently, 21,392 contigs were obtained with an aver-
age length of 852 bp and an ‘N50’ of 870 bp (Table S4). In 
total 50,905 singletons remained with an ‘N50’ of 579 bp. 
In summation, 72,297 transcripts were generated with an 
average length of 606  bp and an ‘N50’ of 661  bp (Table 
S4).

Sequence annotation

Transcripts assembled from the 454 database were blasted 
against the NCBI nr and nt databases separately. In total 
19,479 (44.3 %) and 24,234 (55.1 %) transcripts assembled 
from the 454 sequences had hits to nr and nt databases, 
respectively. There were 4707 (10.7 %) transcripts identi-
fied as full-length cDNAs. Blast2Go was used to assign the 

functional categories for each transcript with a hit in the nr 
database. A total of 14,803 annotation counts were gener-
ated for the whole transcript set. As sorted in the biological 
process, the majority of the transcripts are involved in met-
abolic (20 %) and cellular (20 %) processes. The remainder 
of the transcripts are involved in single-organism processes 
(12  %), response to stimulus (9  %), biological regulation 
(8  %), and other activities. For the molecular function 
classes, the two major categories of these transcripts were 
catalytic (47 %) and binding (41 %) activities. For cellular 
components, most of the sequences were in the cell (37 %), 
followed by organelle (31 %), and membrane (14 %) cat-
egories (Fig. 2).

Transcripts assembled from the NCBI EST database 
were also aligned to the NCBI nr and nt databases via 
BLAST. The alignment revealed that 38,161 (52.8  %) 
of the transcripts had hits in the nr database and 51,122 
(70.7  %) in the nt database. There were 13,801 (19.1  %) 
transcripts predicted as full-length cDNAs. In total 34,136 
annotation counts were obtained from Blast2Go. Most 
sequences fell into either metabolic (20  %) or cellular 
(20 %) processes. For molecular function, catalytic (45 %) 
and binding (43 %) activities constituted most of the cat-
egories, followed by transporter (6 %) and structural mol-
ecule (4 %) activities. As for the cellular component class, 
the three major categories were cell (37  %), organelle 
(28 %) and membrane (16 %) (Fig. 2).

The two transcript sets were compared to the five avail-
able legume species’ gene indices. For the 454 database, 
more sequences (21,867, 49.7  %) successfully matched 
the G. max gene indices, than with M. truncatula (19,258, 
43.8  %), V. unguiculata (17,683, 40.2  %), P. vulgaris 
(17,425, 39.6  %), and P. coccineus (11,109, 25.2  %) 
(Table  3). Similarly, for the NCBI EST database, 46,340 
transcripts (64 %) had hits to G. max gene indices, 41,135 
transcripts (57  %) matched M. truncatula, 38,347 tran-
scripts (53  %) matched V. unguiculata, 34,202 transcripts 
(47 %) matched P. vulgaris, and 24,183 transcripts (33 %) 
matched P. coccineus (Table  3). However, the sequence 
identity of the hits in each database showed the highest per-
centage values (92.3  %, 454 database; 88  %, NCBI EST 
database) relating to scarlet bean (Table 3). Gene sequences 
of 26S RNA, CHS, and RPB2 were obtained from all six 
species and were used in the phylogenetic analysis, which 
revealed that peanut has a closer relationship with cowpea 
and scarlet bean (Fig. 3) than with the other three species. 
To further evaluate the relationship between A. hypogaea 
and the other four model species, OrthoMCL was used to 
cluster the orthologous groups (gene families) among the 
five species. In total, 25,936 orthologous groups were clus-
tered from 159,236 protein sequences (Fig.  4). The five 
species shared 8880 gene families, which may represent 
conservative genes among plant species. Among grouped 
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gene families, the A. hypogaea shared 11,240 (69.33  %) 
gene families with G. max, followed by P. vulgaris (10,981; 
67.73 %), M. truncatula (10,841; 66.87 %), and A. thaliana 
(9372; 57.81  %). There were 4526 (27.92  %) gene fami-
lies and 46,507 protein sequences unique to A. hypogaea 
(Fig. 4).

The transcripts assembled from the 454 database were 
compared to the transcripts assembled from the NCBI EST 
database via BLAST. In total, 31,399 (71.4 %) transcripts 
from the 454 database had hits with 15,550 (21.5 %) tran-
scripts in the NCBI EST database (Table S5). The remain-
ing 4913 transcripts from the 454 database with a length 
of 200 bp or more were considered as novel sequences and 

deposited into the DDBJ/EMBL/GenBank (TSA accession 
ID: GDDN00000000, first version).

SSR detection

Using the 454 transcript set, 1623 SSRs including 809 
di-nucleotide SSRs, 735 tri-nucleotide SSRs, 54 tetra-
nucleotide SSRs, 13 penta-nucleotide SSRs, and 12 hexa-
nucleotide SSRs were discovered (Table S6). In general, 
the SSR presence decreased with an increase in the nucle-
otide number of repeat units. Among the 45 SSR motifs, 
the most frequent motif type was AG/CT (30.4  %), fol-
lowed by AAG/CTT (16.6  %), AT/AT (11.5  %) and 

Fig. 1   The 454 contig length 
and read length distribution. a 
Comparison of contig length 
distribution between assembly 
by Newbler and the sequential 
assembly with two assemblers. 
The blue color indicates contigs 
from Newbler and the red color 
indicates contigs from the two 
assemblers. b The 454 read 
length distribution
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AC/GT (7.6  %) (Table S6). Primers were successfully 
designed for 838 SSRs consisting of 371 di-nucleotide 
SSRs, 437 tri-nucleotide SSRs, 20 tetra-nucleotide SSRs, 
two penta-nucleotide SSRs, and 8 hexa-nucleotide SSRs 
(Table 1).

Out of the 72,297 transcripts acquired from the NCBI 
EST transcript set, 7831 (10.8  %) sequences contained 
SSRs. To eliminate the publicly available SSRs, a com-
prehensive literature search for Arachis SSR markers was 
performed. This search yielded 14,780 SSR primer pairs 
(Table S7). The 14,780 primer pair sequences were aligned 

to the 7831 transcripts as paired-end sequences. The 2485 
transcripts with hits were excluded from further SSR 
marker development. The remaining 5346 transcripts con-
tained 5894 novel SSRs. Among the 74 SSR motif types, 
the most frequent was AG/CT (39.6 %), followed by AAG/
CTT (15.1 %), AT/AT (11.6 %), and AC/GT (6.5 %) (Table 
S8). Primers were successfully designed for 5617 SSRs, 
out of which 3240 were di-nucleotide SSRs, 2163 were tri-
nucleotide SSRs, 136 were tetra-nucleotide SSRs, 37 were 
penta-nucleotide SSRs, and 41 were hexa-nucleotide SSRs 
(Table 1).

Fig. 2   Gene ontology term dis-
tribution of 454 and NCBI EST 
transcript sets. The blue color 
indicates the 454 transcript set 
and the red color indicates the 
NCBI EST transcript set. There 
are three major Gene Ontol-
ogy categories, i.e. biological 
process, molecular function, 
and cellular component

Table 3   Comparison of 454 transcripts and NCBI EST transcripts to the gene indexes of five legumes

Soybean Medicago Scarlet bean Bean Cowpea

454 NCBI EST 454 NCBI EST 454 NCBI EST 454 NCBI EST 454 NCBI EST

No. of unique hits 21,867 46,340 19,258 41,135 11,109 24,183 17,425 34,202 17,683 38,347

Percentage (%) 49.7 64.1 43.8 56.9 25.2 33.4 39.6 47.3 40.2 53.0

Average sequence identity (%) 90.5 87.0 90.0 86.1 92.3 88.0 90.8 86.5 90.0 86.4

Fig. 3   Phylogenetic tree of 
six legume species constructed 
using MEGA6 software

 Glycine_max

 Phaseolus_vulgaris

 Medicago_truncatula

 Arachis_hypogaea

 Phaseolus_coccineus

 Vigna_unguiculata
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In total 6455 novel SSRs were designed with prim-
ers. A total of 2775 (42.99 %) SSR-containing transcripts 
were assigned with GO terms. In terms of biological pro-
cess, the majority SSR containing transcripts involved 
in regulation of transcription (246 transcripts), oxida-
tion–reduction process (146 transcripts), and serine fam-
ily amino acid metabolic process (87 transcripts). For 
molecular function, the most frequent SSR containing 
transcripts was ATP binding (224 transcripts), followed 
by DNA binding (161 transcripts), and zinc ion binding 
(151 transcripts). Regarding cellular component, most 
SSR containing transcripts were assigned to nucleus (393 
transcripts), plasma membrane (379 transcripts), and 
mitochondrion (223 transcripts).

SSR marker validation

A total of 380 SSR markers were selected for validation. 
These included 157 di-nucleotide SSRs, 193 tri-nucleo-
tide SSRs, and 30 tetra-, penta- and hexa-nucleotide SSRs 
(Table 1). In total, 339 (89.2 %) of the selected 380 SSRs 
were successfully amplified with expected PCR product 
size. For di-nucleotide SSRs, a polymorphic rate of 11.1 % 
for 454 database and 12.4 % for NCBI EST database was 
observed (Table  1, Table S9). From both databases, only 
seven out of the tri-, tetra-, penta-, and hexa-nucleotide 
SSRs were polymorphic (Table  1). Sixteen SSRs were 
polymorphic between Tifrunner and NC3033. Twenty-two 
(6.5 %) SSRs were polymorphic between at least two of the 
four genotypes (Table S9).

SNP calling

A total of 559 SNPs were detected from the 454 dataset 
with an average SNP density of one in every 271 bp. Out 
of these 559 SNPs (three multi-allelic), 383 were transi-
tion SNPs and 199 were transversion SNPs. In addition, 45 
were shown to have polymorphism between Georgia Green 
and C7616. From the NCBI EST dataset, 11,343 SNPs 
were detected. Among these SNPs (21 multi-allelic), 6788 
were transitions and 4902 were transversions. The average 
SNP density was one in every 286 bp. Out of the 11,902 
predicted SNPs, 8797 (73.9 %) were located within anno-
tated transcripts.

SNP validation

Forty-five SNPs from the 454 database were chosen for 
validation through Sanger sequencing based on their sup-
posed polymorphism between Georgia Green and C7616 
(Table S1). In addition, 65 SNPs (Table S1) from the NCBI 
EST database were selected for validation. Out of the 110 
chosen SNPs (Table 4), 97 were successfully designed with 
primers (Table S10). Forty-six SNP primer pairs amplified 
specific bands (Table S10). By comparing the amplicon 
sequences, 13 SNPs between at least two of the four tetra-
ploid genotypes were confirmed (which are derived from 
four SNP primer pairs) and these SNP regions all have read 
depth of more than 30. Forty-two SNP primers yielded 
PCR products with either no polymorphism between the 
sequences or only homoeologous SNPs (SNPs within 

Fig. 4   A venn diagram describ-
ing the distribution of shared 
gene families among five 
species. The five species are 
Arachis hypogaea, Arabidopsis 
thaliana, Glycine max, Med-
icago truncatula, and Phaseolus 
vulgaris (OrthoMCL 2.0.7, E 
value <1e-5). Under species 
names shows the number of 
gene families, the gene number 
in the families, and total number 
of genes (protein sequences) 
input into OrthoMCL

Arachis hypogaea 
16,212/30,208/76,715 

Arabidopsis thaliana 
12,803/22,642/27,416 

Glycine max 
17,898/44,740/56,004 

Phaseolus vulgaris 
16,733/24,864/27,197 

Medicago truncatula 
17,083/36,782/50,894 
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Table 4   SNPs selected for PCR amplification and Sanger sequencing validation

Primer name Ref allele Alt allele Dataset Proposed SNP no. Observed SNP no. Comments

SNPW0078 C T NCBI EST 4 6 Homoeologous SNPs

SNPW0095 C T NCBI EST 3 0

SNPW0051 G T NCBI EST 2 0

SNPW0053 A G NCBI EST 8 22 Homoeologous SNPs

SNPW0057 A C NCBI EST 1 13 Homoeologous SNPs

SNPW0058 C T NCBI EST 9 24 Homoeologous SNPs

SNPW0059 T C NCBI EST 5 5 Homoeologous SNPs

SNPW0060 C A NCBI EST 5 4 Homoeologous SNPs

SNPW0062 C T NCBI EST 2 13 Homoeologous SNPs

SNPW0066 C T NCBI EST 10 0

SNPW0072 C T NCBI EST 5 0

SNPW0073 A G NCBI EST 4 0

SNPW0079 C T NCBI EST 6 11 Homoeologous SNPs

SNPW0083 C T NCBI EST 2 13 Homoeologous SNPs

SNPW0084 G T NCBI EST 3 0

SNPW0089 A G NCBI EST 1 1 Homoeologous SNPs

SNPW0090 A G NCBI EST 14 5 Homoeologous SNPs

SNPW0091 T C NCBI EST 27 19 Homoeologous SNPs

SNPW101 T G 454 1 8 Homoeologous SNPs

SNPW102 A G 454 1 0

SNPW106 A G 454 1 0

SNPW109 G A 454 1 4 Homoeologous SNPs

SNPW110 T C 454 12 noise

SNPW111 A G 454 1 1 Homoeologous SNPs

SNPW113 T A 454 1 noise

SNPW114 C G 454 1 noise

SNPW116 A G 454 1 0

SNPW117 C T 454 1 noise

SNPW118 G A 454 1 1 Homoeologous SNPs

SNPW122 G A 454 1 2 Homoeologous SNPs

SNPW123 T A 454 1 13 Homoeologous SNPs

SNPW124 C T 454 1 noise

SNPW125 A T 454 1 8 Homoeologous SNPs

SNPW126 T C 454 1 2 Homoeologous SNPs

SNPW128 G A 454 4 noise

SNPW131 G T 454 3 noise

SNPW132 G A 454 5 0

SNPW0134 T C NCBI EST 4 3 Homoeologous SNPs

SNPW0135 C T NCBI EST 7 7 Homoeologous SNPs

SNPW0136 C T NCBI EST 2 0

SNPW0137 C T NCBI EST 13 3 3 SNPs

SNPW0139 T A NCBI EST 11 7 1 SNP + 6 homoeologous SNPs

SNPW0140 A C NCBI EST 8 4 3 SNPs + 1 homoeologous SNPs

SNPW0141 A T NCBI EST 4 7 6 SNPs + 1 homoeologous SNPs

SNPW0143 C T NCBI EST 2 noise

SNPW0146 G A NCBI EST 6 0



373Mol Genet Genomics (2016) 291:363–381	

1 3

the genotypes). The amplicon sequences of 20 out of the 
42 SNP primer pairs contain 175 homoeologous SNPs. 
After validation with diploid progenitors, the majority of 
them (162, 93 %) were confirmed as homoeologous SNPs 
(Table  5). For 116 (72  %) of these homoeologous SNPs, 
the wild diploid genotypes were homozygous at the SNP 
positions. In addition, there were some positions where the 
A genome progenitor was heterozygous (2 %), B genome 
progenitor was heterozygous (22 %), or both of them were 
heterozygous (4 %).

SSR allele frequency and genotype frequency of tested 
peanut breeding lines and germplasm accessions

Eight selected polymorphic markers were used to geno-
type 142 peanut lines including 32 breeding lines from 
Florida peanut breeding program and 110 U.S. minicore 
accessions. The SSR marker AHW0833 yielded 13 unique 
alleles and 38 unique genotypes from the 142 peanut 
individuals and generated the highest PIC value (0.943) 
among the eight SSR markers (Table  2). In contrast, 
there were only four unique alleles and six unique geno-
types for marker AHW064, with the lowest PIC value of 
0.619 (Table 2). Five of the SSRs were located at different 
chromosomes. The location of AHW0833 was unknown. 
AHW064 and AHW0813 both had hits to A09 chromo-
some (2.8 Mb apart) (Table 2). A total of 54 alleles were 
amplified from the eight primer pairs across the 142 geno-
types. The average number of unique alleles and genotypes 
per primer pair of the eight SSRs were 6.75 and 15.60, 
respectively. Low probability of identity was obtained for 
most of the markers, ranging from 0.006 (AHW0833) to 
0.161 (AHW064). Under the assumption that these eight 
loci segregate independently and are not in linkage disequi-
librium, the combined probability of identity was close to 
zero (10−11). The power of exclusion value was highest for 
marker AHW0833 (0.891) and lowest for marker AHW064 

(0.424) (Table  2). The combined power of exclusion for 
these eight markers was approximately one (0.99991).

Population structure of the peanut mini core 
and breeding lines

Population structure analysis of the peanut mini core and 
breeding lines was conducted based on the genotyping 
results of the 54 SSR alleles. The number of populations 
(K) was determined by the L(K) and Delta K values (Table 
S11). No obvious cutoff was observed when using the L(K) 
method; however, an obvious peak was observed at K = 4 
when analyzing with Delta K (Fig. 5). This indicated that 
four sub-populations can represent the major structure of 
the U.S. minicore and Florida breeding lines. The individu-
als assigned to sub-population Groups 2 and 4 are mainly 
comprised of subspecies hypogaea and fastigiata, respec-
tively (Table S2). Most of the breeding lines were allocated 
to sub-population Groups 1 and 2 while the remaining lines 
were assigned with admixed ancestries (Fig. 5). The phylo-
genetic tree (Fig. 6) generated from DARwin software also 
revealed four major sub-groups among the 142 lines.

Discussion

Sequence assembly and annotation

The first assembly from the 454 database using Newbler 
generated 2290 contigs with an average length of 425 bp. 
The CAP3 was used to obtain an integrative assembly. 
Since these two assemblers utilize different algorithms, the 
contig number increased to 8942 with an average sequence 
length of 353  bp (Fig.  1a). The final assembly rate of 
87.3  % was comparable to previous studies utilizing de 
novo assembly strategies in Jatropha (81.6  %) (Natarajan 
and Parani 2011) and in blueberry (90.8 %) (Rowland et al. 

Table 5   SNP validation 
comparison between cultivated 
peanut and the two progenitors 
Arachis duranensis and Arachis 
ipaensis

‘M’, ‘N’, and ‘V’ indicate three different bases among ‘A’, ‘T’, ‘G’, and ‘C’. ‘M/N’ indicates two overlap-
ping peaks at the investigated position. ‘M’ or ‘N’ indicates a single peak at the position. ‘M/N/V’ indicates 
three overlapping peaks at the position

Allele types from Sanger sequencing No. Percentage (%)

Arachis hypogaea Arachis duranensis (A genome) Arachis ipaensis (B genome)

M/N M N 116 66.3

M/N M M/N 35 20.0

M/N M/N M 3 1.7

M/N M/N M/N 7 4.0

M/N M M 6 3.4

M/N noise M 7 4.0

M/N/V M N/V 1 0.6

Total 175 100



374	 Mol Genet Genomics (2016) 291:363–381

1 3

2012). However, the rate was lower than that observed in a 
recent study on cultivated peanut (96.7 %, Yin et al. 2013), 
which may due to the relative shallow sequence depth of 
this 454 sequence set. The large number (35,065) of single-
tons in this data set could be attributed to the low coverage, 
low expression levels, artifacts, or sequencing errors. In 
contrast to the 454 reads (215 bp), the original NCBI EST 
entries provided a longer average length (541 bp). Conse-
quently, a better assembly was obtained, which resulted 
in 21,392 contigs with an average length of 852  bp. The 
average length of transcripts from the NCBI EST database 

was 606 bp which is comparable to several previous stud-
ies (619 bp, Zhang et al. 2012; 751 bp, Yin et al. 2013) on 
cultivated peanut.

The GO annotation results of these two data sets were 
highly consistent with each other. Similar results on GO 
annotation of peanut transcript sequences from seeds were 
reported by Zhang et al. (2012) and Yin et al. (2013). But 
the presence of a single-organism process, which falls 
under biological processes, has not been mentioned in pre-
vious studies. With no hit in GenBank, a large proportion of 
transcripts (66.4 % in 454 database; 52.8 % in NCBI EST 

Fig. 5   a Delta K versus different K values for determining the best 
K. X axis shows different K values. Y axis shows the value of Delta 
K corresponding to each K value; a clear peak occurred when K = 4. 
(b) Population structure of 142 peanut genotypes generated from 
STRUCTURE software at K = 4. The values on the y axis represent 

the proportion of the individual’s genetic ancestries that are derived 
from a certain sub-population. The x axis indicates the 142 individu-
als. The accession names and breeding material ID were provided in 
the Table S2
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database) was left without annotation, which could be due 
to peanut-specificity (Yin et al. 2013), or the limitations in 
the annotation approaches. The 18,508 full-length cDNAs 
predicted in this study can be further applied in studying 
gene functions.

The transcript comparison between peanut and five 
legume species could only reveal the portion of the gene 
sequences that shared similarity. A proper normalization 
method is needed to take into account the variance among 
the database sizes for the five legume species (G. max, 
75.7 Mb; M. truncatula, 53.3 Mb; V. unguiculata, 25.6 Mb; 
P. vulgaris, 20.6  Mb; P. coccineus, 9.6  Mb). Both of the 

databases in this study had more hits with soybean than 
any of the other species (Table  3), which may due to the 
large number of sequences in the soybean gene index data-
base instead of a close phylogenetic relationship. This was 
consistent with the OrthoMCL clustering analysis. The A. 
hypogaea shared more orthologous groups with G. max 
than the other three species (Fig. 4). Based on the sequence 
similarity of the hits, scarlet bean showed the largest per-
centage of sequence identity to peanut among the five leg-
ume species (Table 3) indicating a relative low divergence 
between peanut and scarlet bean. This was supported by the 
phylogenetic analysis revealing that the peanut ESTs were 

Fig. 6   The phylogenetic tree showing the relatedness of the 142 peanut genotypes
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more similar to scarlet bean and cowpea than to the other 
three species (Fig. 3). The addition of novel ESTs such as 
the 4913 presented in this study may aid in the discovery 
of new genes and their functions and also enable the iden-
tification of additional SSR and SNP markers. The 4526 
gene families unique to A. hypogaea as well as the 46,507 
protein sequences that were not grouped should represent 
species-specific genes. Since the proteomes from several 
model plant species were used in OrthoMCL clustering 
analysis, these well-annotated proteomes will provide reli-
able function information corresponding to the discovered 
orthologous groups.

SSR development

The development of polymorphic genetic markers is impor-
tant in learning about the genetic basis of agronomic traits, 
population genetic structures, MAS, and gene mapping. 
Microsatellites or SSR markers are one of the most useful 
molecular markers and have been used in constructing sev-
eral peanut genetic maps and in evaluating peanut genetic 
diversity (Guo et al. 2013). ESTs have become an impor-
tant resource for developing markers that are associated 
with biological functions (Gadaleta et al. 2007). This study 
has contributed 6455 novel EST-SSRs (838 SSRs from the 
454 database; 5617 SSRs from the NCBI EST database) 
(Table S12) with corresponding primers. With the previ-
ously available 14,780 SSRs, a total of 21,235 SSRs will 
now be accessible to the public (a 43.7 % increase).

The di-nucleotide SSR type had a higher frequency in 
both datasets than any other type. This was consistent with 
a previous study on dicotyledonous species (Kumpatla 
and Mukhopadhyay 2005). The most abundant type of di-
nucleotide SSR was AG/CT (30.4 %), followed by AT/TA 
(11.5  %). This pattern was consistent with previous stud-
ies on cultivated peanut (Liang et al. 2009; Luo et al. 2005; 
Proite et al. 2007). AAG/CTT (16.7 %) was the most fre-
quent tri-nucleotide SSR type, which was in agreement 
with other studies on legumes (Liang et  al. 2009; Peakall 
et al. 1998) and may indicate a common SSR motif feature 
among legume species. It was suggested by Cardle et  al. 
(2000) and Gao et  al. (2003) that the motif AAG/CTT is 
common in dicots. In monocot species, the most common 
motif types are AAC/GTT (wheat; Kantety et  al. 2002), 
AGG/CCT (rice; Varshney et  al. 2002), and CCG/CGG 
(barley; Thiel et al. 2003).

SSR validation

The total SSR amplification rate was 89.2 %. This result was 
slightly higher than that in some previous studies (83.4 %, 
Gadaleta et  al. 2007; 86.5  %, Liang et  al. 2009; 79.9  %, 
Pandey et al. 2012a, b), and comparable to the amplification 

rate of 92  % found in a study by Saha et  al. (2004). The 
amplification rate in this study has demonstrated the suc-
cess of primer design. The lack of amplification of some 
primer pairs may be due to a number of reasons: a primer 
sequence may have overlapped the exon-exon junction; a 
large intron may be between the primer pair; or there may 
be sequencing errors in the primer sequences (Nicot et  al. 
2004). This study’s EST-SSR polymorphic rate of 6.5  % 
was relatively low when compared to the rate from other 
studies in cultivated peanut such as 7.5 % (Moretzsohn et al. 
2005), 8.9 % (Guo et al. 2009), 10.3 % (Liang et al. 2009), 
11.5 % (Koilkonda et al. 2012), and 20 % (Luo et al. 2005). 
The low polymorphic rate may be a result of using only four 
genotypes in SSR validation. More diverse genotypes can 
be used to identify polymorphic SSRs from the amplifiable 
ones. The relatively low rate of polymorphism was observed 
in tri-nucleotide SSRs. Only five out of 193 tri-nucleotide 
SSRs were discovered to be polymorphic. In contrast, the 
polymorphic rate of di-nucleotide SSRs (11.9 %) was rela-
tively high. The other reason for the low polymorphic rate 
might be related to the genetic backgrounds of the chosen 
genotypes for SSR validation. Typically cultivated peanut 
plants have low genetic variability (Kottapalli et  al. 2007) 
even though a high level of phenotypic variation is observed 
in the field (Barry L Tillman, personal communication, 
2014), which may be due to epigenetic modification, gene–
gene interactions, or environmental effects.

The lower polymorphic rate of tri-nucleotide SSRs than 
di-nucleotide SSRs was consistent with results in other stud-
ies on Arachis (Liang et  al. 2009; Proite et  al. 2007) and 
other crops such as wheat (Nicot et al. 2004; Gadaleta et al. 
2007), switchgrass (Liu and Wu 2012), barley (Struss and 
Plieske 1998), soybean (Rongwen et  al. 1995), and maize 
(Smith et al. 1997). One possible explanation is that the loca-
tion of the di-nucleotide SSRs might be in UTRs (Morgante 
et al. 2002), which have higher sequence divergence between 
individuals than the coding regions. However, a lower poly-
morphic rate in di-nucleotide SSRs than in tri-nucleotide 
SSRs was also found in some studies on cultivated peanut 
(Zhao et al. 2012; Koilkonda et al. 2012). In these studies, 
the lower polymorphic rate for di-nucleotide SSRs may be 
explained by their deleterious nature. To clarify, a repeat 
number change of di-nucleotide SSRs is more likely to 
change the reading frame of the genes (Zhao et al. 2012).

The progenitor reference genomes for cultivated peanut 
have been released and may eventually lead to significant 
amounts of genomic SSRs. This study, however, specifi-
cally targeted transcribed regions and has produced 6455 
(838  +  5617) SSRs. When associating SSR markers to 
traits of interest, markers from transcribed regions may be 
preferred for their proximity to genes. The further investi-
gation into the functional annotation of these SSR regions 
in this study amplifies their usefulness.
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SNP validation

Single nucleotide polymorphisms are widely consid-
ered the marker of choice for applications in genetics and 
genomics studies due to their potent performance in auto-
mation, genome-wide coverage, analytical simplicity, and 
data quality. To date, few studies on peanut SNP marker 
development have been reported. However, utilization of 
EST sequences for SNP development have been reported in 
Arabidopsis (Schmid et al. 2003), barley (Kota et al. 2003), 
sugarcane (Grivet et al. 2003), maize (Batley et al. 2003), 
and cassava (Lopez et al. 2005). The availability of diverse 
genotypes in EST databases and the presence of redundant 
gene sequences have aided EST SNP marker development 
(Batley et al. 2003). One of the major challenges in peanut 
SNP marker development is the complex genome compo-
sition with two sets of closely related genomes, A and B. 
In a homozygous peanut, one primer pair could amplify 
two different fragments of the same size, one from the A 
genome and the other from the B genome. As expected, 
most of the SNP positions being investigated presented two 
different nucleotides. To prove this, an investigation of 175 
SNP positions derived from 20 amplified fragments of the 
two progenitors was conducted. Predominantly, the pro-
genitors were homozygous at the same position and each 
shared one polymorphic nucleotide with the tetraploid pea-
nut (Table 5). The heterozygosity rate in wild peanut lines 
is very low, which may be associated with their outcrossing 
rate. Thus, A. ipaensis (PI 468322) should possess a higher 
outcrossing rate than A. duranensis (PI 468321). Occasion-
ally (3.4  %), the progenitors were homozygous (without 
SNP) at the position of interest, while the tetraploid con-
tained a SNP. This phenomenon may be the result of natu-
ral mutations that occurred after cultivated peanut evolved 
from the hybridization of its progenitors. The low fre-
quency of these cases indicates a relatively short evolution-
ary course period for cultivated peanut. Only one case was 
observed in which the tetraploid was tri-allelic (M/N/V) 
where the A genome progenitor possessed one allele (M), 
and the B genome progenitor possessed two alleles (N/V) 
(Table 5).

In peanut, this is a pioneer report on SNP marker 
development for tetraploid genotypes. The abundance of 
homoeologous SNPs discovered in this study may benefit 
the comparative and evolutionary studies between A and 
B genomes. Due to the highly similar A and B genome 
sequences in the cultivated peanut, the allelic SNP dis-
covery is very challenging. For allelic SNP discovery, a 
single sequence source based or NGS-based method will 
not be enough. It will be necessary to combine with a sec-
ondary approach such as amplicon sequencing or calling 
SNPs based on a segregating population. So far, 13 SNPs 
have been validated in cultivated peanut. The primer pairs 

corresponding to them were all designed for SNPs with a 
read depth of more than 30. Therefore, a cutoff of 30 is rec-
ommended for cultivated peanut SNP calling. In our study, 
506 SNPs were called with a depth over 30, which will be 
further investigated for high-throughput genotyping method 
development. For SNP marker validation, high-throughput 
454 sequencing of amplicons may be more cost- and time 
effective than Sanger sequencing.

Allele and genotype frequency

The U.S. peanut mini core accessions coupled with the 
breeding lines from the Florida Peanut Breeding Program 
are comprised of individuals with diverse genetic back-
grounds. This panel of lines is particularly suited for the 
evaluation of the discrimination power and genetic infor-
mation content of newly developed SSR markers. This 
study’s average number of alleles per locus (6.75) was 
much higher than the 2.99 detected using 46 SSR markers 
and over 196 cultivars by Ren et al. (2014). The low aver-
age number of alleles reported by that study may indicate 
a low genetic variability in their cultivars from China. He 
et al. (2003) and Li et al. (2011) also detected a lower num-
ber of average alleles per locus, 4.25 and 2.5, respectively. 
This was at least partially because they used only 24 and 
16 genotypes, respectively. In contrast, higher numbers of 
average alleles per locus have been reported with the uti-
lization of U.S. peanut mini core accessions (7.88, Kotta-
palli et al. 2007; 10.1, Barkley et al. 2007; 8.1, Wang et al. 
2011). This study used only SSR markers derived from 
genic regions, which may explain the relatively lower aver-
age number of alleles per locus.

Genetic information content parameters

Polymorphism information content was introduced by 
Botstein et  al. (1980) mainly to measure the usefulness 
of a marker in a linkage analysis. A positive correlation 
between the number of alleles and the PIC value has been 
revealed by numerous studies (Siwach et al. 2004; Rabbani 
et al. 2010; Islam et al. 2012), which was consistent with 
the results from this study. Marker AHW0833 had the most 
(13) alleles and consequently displayed the highest PIC 
value (0.94). The lowest PIC value (0.62) was detected for 
marker AHW064 with only four alleles. The average PIC 
(0.783) for the eight markers in this study was higher than 
that from several similar studies (Kottapalli et  al. 2007; 
Barkley et  al. 2007; Wang et  al. 2011), indicating a high 
discrimination power in the eight markers. The probabil-
ity of identity was low for most cases, ranging from 0.161 
(AHW064) to 0.006 (AHW0833). Assuming they are seg-
regating independently, the combined probability of iden-
tity will be equal to the product of the values of these eight 
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loci. A value close to zero indicates that the probability of 
finding two randomly chosen individuals displaying the 
same genotype is almost zero. These results illustrated the 
discrimination power of these markers. The overall power 
of exclusion for these eight markers was approximately 
one, indicating they are able to exclude most of the falsely 
assigned parentages.

Population structure

Based on the genotyping data from the 54 alleles, four 
major sub-groups were identified. This result was con-
sistent with a previous study using 96 U.S. peanut mini 
core accessions (Belamkar et  al. 2011). In this study, 
most of the individuals assigned to Groups 2 and 4 are 
mainly comprised of subspecies hypogaea and fastigi-
ata, respectively (Table S2). The remaining individuals 
used in this study had admixed ancestries. The study by 
Belamkar et  al. (2011) found a similar correlation when 
characterizing the U.S. peanut mini core collection using 
SSR markers. Among the four sub-groups discovered, 
two predominantly consisted of accessions of subspecies 
hypogaea and fastigiata, respectively. The other two were 
classified as “mixed”, containing accessions of different 
subspecies. Another study specifically detecting struc-
tures in Chinese peanut cultivars found that the subpopu-
lation clustering was closely related to germplasm origin 
(Ren et al. 2014). However, the sub population clustering 
of the 142 genotypes in this study did not reflect their dif-
ferent origins, indicating the germplasm or breeding lines 
had similar patterns of genetic composition to cultivated 
peanut. The structure analysis revealed that about half of 
the breeding lines from the Florida Peanut Breeding Pro-
gram had admixed ancestries, also indicating relatively 
diverse genetic backgrounds in these lines. However, the 
genetic components of the remaining half of the breeding 
lines used in this study were mostly assigned to sub-pop-
ulation Groups 1 and 2. To further enrich the gene pool of 
the breeding program at the University of Florida, it may 
be worthwhile to select some germplasm collections from 
sub-population Groups 3 and 4 into the parent pool for 
breeding.

In summary, this study has enriched the peanut genomic 
resources, provided more than 6000 novel SSR markers 
across the whole peanut genomes, investigated the SNP 
marker development, and explored the challenges of SNP 
discovery in cultivated peanut. The eight chosen SSR mark-
ers demonstrated high discrimination power in germplasm 
and breeding line evaluation, which will assist association 
studies and breeding activities. The newly developed SSR 
markers can also be used for identifying markers linked 
to agronomically important traits to facilitate the peanut 
breeding programs. The credentials of SNP discovery in 

peanut provided reference for future high-throughput and 
automated SNP marker development.
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