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Abstract Peanut is a major agronomic crop within the

legume family and an important source of plant oil, pro-

teins, vitamins, and minerals for human consumption, as

well as animal feed, bioenergy, and health products. Peanut

genomic research effort lags that of other legumes of

economic importance, mainly due to the shortage of

essential genomic infrastructure, tools, resources, and the

complexity of the peanut genome. This is a pioneering

study that explored the peanut Spanish Group whole plant

transcriptome and culminated in developing unigenes

database. The study applied modern technologies, such as,

normalization and next-generation sequencing. It overall

sequenced 8,308,655,800 nucleotides and generated 26,048

unigenes amongst which 12,302 were annotated and 8,817

were characterized. The remainder, 13,746 (52.77 %)

unigenes, had unknown functions. These results will be

applied as the reference transcriptome sequences for

expanded transcriptome sequencing of the remaining three

peanut botanical types (Valencia, Runner, and Virginia),

which is currently in progress, RNA-seq, exome identifi-

cation, and genomic markers development. It will also

provide important tools and resources for other legumes

and plant species genomic research.

Introduction

Peanut is an important crop member of the legume family

and a major source of plant oil, proteins, essential vitamins

and minerals that can be used for human consumption,

animal feed, bioenergy, and health products (Higgs 2002;

Li et al. 2010, 2011). Besides its economic importance,

peanut is a notorious food source of allergens that can

cause human lethal allergic reactions to hypersensitive

people (Cianferoni and Muraro 2012).

Generally, cultivated peanut is categorized into four

botanical types, referred to as, Spanish, Valencia, Virginia,

and Southeast Runner that represent related genetic vari-

abilities (Krapovickas and Gregory 1994). However,

genetic variations amongst cultivated peanut groups are

reportedly very limited (He and Prakash 2001; Burow et al.

2001), which has significantly exacerbated the slow pace of

developing the physical map and global genomic resources

in cultivated peanut (Moretzsohn et al. 2009). Considering

that there are overtly major morphological differences

amongst cultivated peanut groups, high quality of total

transcriptome sequencing with related intra and intergroup

characterizations could lead toward enriching related

genetic differences to currently available genomic resour-

ces and information. Thus, high-quality global sequencing

and characterization of the whole plant transcriptome of

individual cultivated group and gene profiling, as currently

pursued at Langston University, are strongly encouraged in

peanut; and this study is the first major step into globally

quantifying genetic variations amongst those botanical

groups. Further, it is critical to significantly develop
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specific genomic resources and information in peanut to

fully understand its uniqueness that cannot be explained by

merely using model crops’ genomic resources.

While significantly intensive genomic research has been

conducted and considerable progress achieved in model

legumes such as soybean (Wilson and Grant 2010; Severin

et al. 2010; Woody et al. 2011) and medicago (Cannon

et al. 2005; Bell et al. 2001), relatively limited progress has

been achieved in peanut (Zhang et al. 2012), considering

that milestone genomic resources, such as, physical gen-

ome map and whole genome characterization and func-

tional analysis studies have not been systemically

developed in cultivated peanut. In addition to advanced

technological deficiencies, intrinsic genetic factors such as

little genetic variations amongst cultivated groups, differ-

ential genomic make-up of the cultivated allotetraploid

species, and large genome size similar to humans justify

the slow pace for developing robust-global peanut genomic

resources. The National Center for Biotechnology Infor-

mation (NCBI) Expressed Sequence Tag (EST) database

search results of July 6, 2012 showed that only 246,733

general records of peanut ESTs, comparing to, 1,529,920

and 10,442,386 similar records for soybean and human,

respectively, were available. Besides the smaller number,

publicly available peanut ESTs are significantly disparate

that their global impact in deciphering a significant portion

of genome’s genetic information of cultivated peanut is

very limited. This is underpinned by the fact that most, if

not all, cultivated peanut ESTs are generated based upon

individually narrow genetic research frameworks, which

are generally built around individual organ, such as seed

(Zhang et al. 2012; Bi et al. 2010), or individual agronomic

trait, such as, biotic or abiotic afflictions (Feng et al. 2012),

trait-based molecular markers (Feng et al. 2012), and oil

content (Zhang et al. 2012), etc. Thus, there is no sys-

tematic and comprehensive analysis of peanut gene

expression profile for different cultivated peanut botanical

groups. EST sequencing can provide a robust sequence

resource that can be exploited for gene discovery, genome

annotation, and comparative genomic studies (Adams et al.

1991). As an alternative and supplement to the whole

genome sequencing, continuous development of strategic

peanut ESTs remains a current priority in peanut genomic

research.

This investigation reports, for the first time, the whole

plant’s globally expressed genomic information, which is

not trait-based, in cultivated peanut botanical groups, in

general, and Spanish group, in particular. It probed for all

active genes in young and mature whole peanut plants, and

has resulted in developing the first most comprehensive

unigene database that represents the whole Spanish peanut

plant’s genetic content.

Materials and methods

Plant material preparation and sampling

Seeds of the peanut Spanish group variety, Spanco, used in

this study were supplied by the Agricultural Experimental

Station of the Oklahoma State University (Stillwater,

Oklahoma). Because of the lack of synchronized plant

organ formation and to ensure that most organ genes are

broadly represented, organ tissues were collected twice at

ten-day-old and at plant maturation. At ten-day-old, only

leaf, stem, and root tissues were collected; whereas at the

maturation stage all organs were represented, including,

leaf, stem, root, flower, peg, and pod (variable growth

stages ranging from early formation to seed-filled stage)

(Boote 1982). Tissues from the two sample sets were used

to cover all the genes expressed during plant growth and

development.

Peanut plant total RNAs isolation and mRNAs

purification

Total RNA of individual peanut organ was isolated,

respectively, using QIAGEN Total RNA Isolation Kit

(QIAGEN, Valencia, CA) according to the manufacturer’s

instruction. All total RNAs were pooled together for

mRNA purification. The latter was purified with QIAGEN

Oligotex beads (QIAGEN, Valencia, CA) also following

the manufacturer’s manual.

Normalized cDNA library construction

The normalization process was carried out on mRNA level.

Briefly, first strand cDNA was synthesized by using

SuperScript� III First-Strand Synthesis SuperMix (Life

Technologies, Carlsbad, CA) in situ on QIAGEN’s dT-

Oligotex beads. After block extra dT in the beads with

oligo-dA, mRNAs were hybridized with first strand cDNA

on the dT-Oligotex beads according to the re-association

kinetics-based approach (Bonaldo et al. 1996). Normalized

mRNAs were, first, separated from beads by centrifugation

followed by ethanol precipitation, then, characterized by

RT-PCR with primers of Actin depolymerizing factor-like

cDNA, prior to library construction. Then, normalized

cDNA library was constructed by applying SuperScript�

Plasmid System (Life Technologies, Carlsbad, CA) and

Oligo-dT-Not I primer following the manufacturer’s

instruction. Further, synthesized cDNAs were cloned into

pCMV Sport vector and transformed into DH10B electro-

competent cells. Platting assay and colony PCR were

performed for normalized cDNA library quality control

purpose.
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De novo next-generation DNA sequencing

Normalized peanut whole plant cDNA library was PCR-

amplified with PrimeSTAR GXL DNA Polymerase

(Takara Bio Inc., Shiga, Japan) and T7 and SP6 standard

primers in 50 ll reaction volume at 95 �C for 2 min 30 s;

35 cycles at 94 �C for 15 s, 55 �C for 15 s, and 72 �C for

2 min 30 s; and then 72 �C for 10 min. Double strand

cDNAs were then purified with the QIAquick PCR Puri-

fication Kit (QIAGEN, Valencia, CA) followed by frag-

mentation with the Biorupter UCD-300 sonication device

(Diagenode, Liège, Belgium). Sequencing library was

prepared from sheared cDNAs with the average size of

150 bp by applying the NEBNext� DNA Library Prepa-

ration Kit (NEB, Ipswich, MA). The library was sequenced

from both directions on HiSeq 2000 System (illumina, San

Diego, CA) with 100 bp of data collected per run by

applying TruSeq PE Cluster and TruSeq SBS Kits (illu-

mina, San Diego, CA). Data analysis and base calling were

achieved by applying the illumina instrument software.

Bioinformatics analysis

Transcriptome data processing and assembly were per-

formed with the application of modified Velvet to construct

unique consensus sequences (Zerbino and Birney 2008).

The gene expression profile was developed by mapping

trimmed transcriptome reads onto the unique consensus

sequences using SOAP2 (Li et al. 2009). The unigenes

were identified by sequence similarity comparison against

both the SWISS-PROT database of the European Bioin-

formatics Institute (http://www.ebi.ac.uk/uniprot) (Altschul

and Gish 1996) by applying BLAST at the cutoff E value

B1e-10 and the NCBI non-redundant nucleotide and non-

redundant protein databases (http://blast.ncbi.nlm.nih.gov/

Blast.cgi) where BLASTN and BLASTX were applied,

respectively, with the same cutoff E value B1e-5 (Altsc-

hul et al. 1997). Functional annotation and classification of

resulted unigenes were performed by sequence similarity

comparison against NCBI’s clusters of orthologous

groups (COG) database (http://www.ncbi.nlm.nih.gov/COG)

(Tatusov et al. 2003) and SWISS-PROT database with

BLAST at the same cutoff E value B1e-10, respectively. For

assembled genes, whose sequence comparison results mat-

ched the records of other non-plant organisms, additional

manual analysis based on score, coverage, identity, and

E value were performed.

Results

This study depicts succinctly, for the first time, the fully

expressed genome information of the Spanish peanut whole

plant. The results showed that the normalized peanut whole

plant cDNA library consisted of 2.01 9 105 clones with

the recombinant rate of 87.5 % and average insert size of

about 1,000 bp. This library was PCR-amplified, and the

related product was sheared mechanically to generate the

mixture of 150 bp fragments for HiSeq 2000 system

sequencing.

Overall, the next-generation sequencing generated

41,543,279 reads from 8,308,655,800 bp. The sequencing

quality scores of Q30 (99.9 % base call accuracy) were

achieved across all bases in forward direction sequencing and

from 1 to 84 bases in reverse direction sequencing. The de novo

assembly of all sequencing data using the modified Velvet

program was followed by the application of the SOAP2 pro-

gram for unigene identification that culminated in generating

26,048 unigenes of the average sequence length of 550 bp and

sequence length range of 201–2,431 bp (Fig. 1), that represent

the total sequence length of 14,305,500 bp of the peanut

genome. All assembled unigene sequences were annotated by

sequence similarity comparisons against both SWISS-PROT

and NCBI NR nucleotide and protein databases.

The functional annotation of all unigenes showed that

12,302 and 8,817 unigenes matched the records in SWISS-

PROT database (version 20120304) and COG database

(Table 1), respectively. Further proceeding showed that the

analysis of COG’s classification of all known function

unigenes resulted in categorizing them into 23 clusters

based on their common functions, while the functions of

Fig. 1 Sequence length of 26,048 assembled peanut unigenes

Table 1 Unigene annotation

Total E value

cut off

Database

version
Annotated

unigenes

%

Total unigene 26,048 100.00 – –

SWISS-PROT 12,302 47.23 1e-10 20120304

COG 8,817 33.85 1e-10 –
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209 genes remained unknown (Table 2). Overall, there still

were 13,746 (52.77 %) unigenes that had no significant

match with current records in either SWISS-PROT or

NCBI databases.

Discussion

The peanut tissues used for this study were collected in two

growing stages to cover all peanut organs and potential

gene differential expressions in young and mature stages. A

normalization strategy was applied to the peanut whole

plant mRNA for library construction to enhance gene dis-

covery by reducing redundant genes number and relatively

increasing the rare gene copies in the cDNA library (Soares

et al. 1994). Based upon previous peanut EST studies,

normalizing of expressed genes prior to high-throughput

sequencing process, has generated greater reads variety

than using regular cDNA library (Bi et al. 2010; Huang

et al. 2012; Koilkonda et al. 2012). The next-generation

sequencing technology was applied in this study to maxi-

mize generating mRNA sequencing data of about 8.3G bp,

from the peanut whole plant transcriptome. It represents

about 2509 sequencing depth of the peanut transcriptome,

based on the final assembling results. Such sequencing

depth provides a greater number of repeat sequence reads

for individual gene and greater accuracy and reliability of

sequencing data, especially during the assembling process.

Although HiSeq2000 generates only 100 bp for each read,

based upon the instrumental limitation, the sheared

sequencing library with the size of about 150 bp was

constructed to facilitate overlaps sequencing from both

directions. By combining both greater bidirectional

sequencing depth and overlaps sequencing strategy, we

were able to generate unigenes sequencing data of great

quality and reliability, even without available reference

genome sequences. Although the assembled gene sizes

varied from 201 to 2,431 bp, which might not represent the

full-length of all genes in the database, the current mini-

mum gene size is satisfactory for future EST probe appli-

cations (Koilkonda et al. 2012).

The resulting 41,543,279 reads were assembled into

26,048 contigs, creating a foundational reference tran-

scriptome for the peanut Spanish group whole plant. About

47 % of this reference transcriptome was annotated and

about 34 % was functionally characterized (Table 2). This

study resulted in the construction of the first comprehen-

sive peanut Spanish botanical type whole plant unigene

database with the total of 26,048 individual records. Irre-

spective of the genotypic differences of experimental plant

materials used, a recently reported peanut study (Zhang

et al. 2012) and this investigation’s annotation results were

similar; the number of annotated unigenes was 8,252 and

8,817, respectively. This study is being followed up by

similar research on the remaining three peanut botanical

types (Valencia, Runner, and Virginia), which has also

been funded by the United States Department of Agricul-

ture (USDA).

Finally, by applying normalization and next-generation

sequencing technologies, we successfully constructed the

first peanut Spanish botanical type whole plant unigenes

database. The resulted peanut reference transcriptomic

sequences will be used for our ongoing expanded tran-

scriptome sequencing project for the remaining three pea-

nut botanical types. Upon the completion of all

transcriptome sequencing, assembling, and annotating for

all the four peanut botanical groups with related intergroup

comparisons, the most comprehensive peanut whole plant

unigene database will be finalized and applied more

accurately for cross-species comparisons with other pub-

licly available legumes genome databases and, then,

Table 2 COG classification

Classification Number of

genes

Percentage

(%)

Translation, ribosomal structure and

biogenesis

1,378 15.63

Carbohydrate transport and metabolism 1,129 12.8

Energy production and conversion 1,127 12.78

General function prediction only 1,091 12.37

Post-translational modification, protein

turnover, chaperones

795 9.02

Amino acid transport and metabolism 769 8.72

Lipid transport and metabolism 495 5.61

Inorganic ion transport and metabolism 318 3.61

Coenzyme transport and metabolism 217 2.46

Function unknown 209 2.37

Cell wall/membrane/envelope biogenesis 209 2.37

Secondary metabolites biosynthesis,

transport and catabolism

174 1.97

Transcription 153 1.74

Nucleotide transport and metabolism 141 1.6

Signal transduction mechanisms 140 1.59

Intracellular trafficking, secretion, and

vesicular transport

108 1.22

Cytoskeleton 94 1.07

Replication, recombination and repair 89 1.01

Chromatin structure and dynamics 66 0.75

Cell cycle control, cell division,

chromosome partitioning

49 0.56

Defense mechanisms 42 0.48

RNA processing and modification 14 0.16

Cell motility 7 0.08

Nuclear structure 3 0.03

Total 8,817 100.00
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released for public access, in time for its application to

benefit the International Peanut Genomic Research Initia-

tive (Wilson et al. 2011). The results of this study will also

be applied to peanut RNA-seq, exome identification, and

genomic markers development.
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