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Abstract
Mungbean (Vigna radiata L. Wilczek) is one of the most important leguminous food crops in Asia. We employed Illumina
paired-end sequencing to analyse transcriptomes of three different mungbean genotypes. A total of 38.3–39.8 million pairedend reads with 73 bp lengths were generated. The pooled reads from the three libraries were assembled into 56,471 transcripts.
Following a cluster analysis, 43,293 unigenes were obtained with an average length of 739 bp and N50 length of 1176 bp. Of
the unigenes, 34,903 (80.6%) had signiﬁcant similarity to known proteins in the NCBI nonredundant protein database (Nr),
while 21,450 (58.4%) had BLAST hits in the Swiss-Prot database (E-value<10−5 ). Further, 1245 differential expression genes
were detected among three mungbean genotypes. In addition, we identiﬁed 3788 expressed sequence tag-simple sequence
repeat (EST-SSR) motifs that could be used as potential molecular markers. Among 320 tested loci, 310 (96.5%) yielded
ampliﬁcation products, and 151 (47.0%) exhibited polymorphisms among six mungbean accessions. These transcriptome
data and mungbean EST-SSRs could serve as a valuable resource for novel gene discovery and the marker-assisted selective
breeding of this species.
[Liu C., Fan B., Cao Z., Su Q., Wang Y., Zhang Z., Wu J. and Tian J. 2016 A deep sequencing analysis of transcriptomes and the development
of EST-SSR markers in mungbean (Vigna radiata). J. Genet. 95, 527–535]

Introduction
Mungbean (Vigna radiata L. Wilczek), also known as
green gram, belongs to subgenus Ceratotropis, genus Vigna,
Phaseoleae. It is a self-pollinated diploid plant with 2n =
2x = 22 chromosomes (Lambrides and Godwin 2007).
Mungbean is one of the most important leguminous food
crops in Asia, and is primarily cultivated in India, China,
Myanmar and other Asian countries. This crop is popularly
grown as a monoculture or as a component in various cropping systems due to its ability to ﬁx nitrogen in association
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with soil bacteria, early maturity and relative drought tolerance. Further, it is an excellent source of high-quality vegetable protein in the human diet (Tomooka et al. 2002). In
China, mungbean is known as a healthy food, and market
demand for its products is increasing gradually. But, unlike
other major crops (rice, maize and wheat), progress in mungbean genetics and breeding has been far from satisfactory
(Cheng and Tian 2011).
Next generation sequencing (NGS) has been demonstrated as an advanced and cost-efﬁcient research tool for
micro-RNA (mRNA) expression proﬁling, resequencing and
de novo transcriptome sequencing (Lam et al. 2010; Lee
et al. 2010; Ekblom and Galindo 2011). Recently, draft
genome sequence of a cultivated mungbean was constructed
by using this technology (Kang et al. 2014). The genome
sequence dataset of mungbean is very useful for gene
cloning, but when interpreting the functional components of
genome, a good quality transcriptome dataset is essential.
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Transcriptome analysis has become popular not only in
major crops such as rice, wheat and maize, but also in
leguminous species like soybean (Severin et al. 2010),
peanut (Yin et al. 2013), chickpea (Garg et al. 2011), pea
(Kaur et al. 2012) and common bean (Blair et al. 2011;
Wu et al. 2014). Although, RNA seq-based transcriptome
analysis of mungbean has been conducted (Moe et al.
2011), a comprehensive description of this crop remains
unavailable.
Simple sequence repeats (SSRs) are clusters of short
tandem repeated nucleotide bases that can be divided into
genomic SSRs and genic SSRs (or expressed sequence tagsimple sequence repeat (EST-SSRs)) depending on their
position within nongenic or genic regions, respectively. SSR
markers have been shown to be versatile molecular markers, particularly for population analysis and marker-assisted
selection (Garg et al. 2011; Kaur et al. 2012). However, a
limited number of polymorphic SSR markers have been published in mungbean (Kumar et al. 2002; Miyagi et al. 2004;
Gwag et al. 2006; Somta et al. 2008; Tangphatsornruang
et al. 2009). Only 50 SSR markers originating from mungbean were used in a recent QTL mapping for domesticationrelated traits (Isemura et al. 2012). The traditional method of
SSR marker development usually includes the construction
of an SSR-enriched library, cloning and sequencing, which is
costly and labour intensive. RNA sequencing with NGS technology has provided an effective way to develop EST-SSRs.
Although the number of SSRs and polymorphisms within
coding regions are expected to be lower than they are in noncoding sequences, SSR markers generated from transcriptome sequences may actually regulate gene expression and
function, which makes them a valuable resource for future
genetic studies (Zalapa et al. 2012). The development of ESTSSRs by RNA-seq has been successfully applied to many
species such as sesame (Wei et al. 2011), sweet potato (Wang
et al. 2011), carrot (Iorizzo et al. 2011), bamboo (Gao et al.
2014), peanut (Yin et al. 2013), pea (Kaur et al. 2012) and
common bean (Wu et al. 2014).
Further, through a deep mRNA sequencing (RNA-seq)
we can get a chance to discover new genes and transcripts and measure transcript expression level. The number of reads produced from a RNA transcript can be used
as a measure of gene expression with comparable or superior accuracy to expression microarrays (Nagalakshmi et al.
2008). To our knowledge, JL7 is an elite mungbean variety
released by Chinese breeders recently. It shows better environmental adaptability and higher yield than its parents. By
using RNA-seq technology, the differential gene expression
(DGE) analysis between JL7 and its parents may help us
to ﬁnd useful genes related to environmental adaptability or
stress tolerance. Therefore, we used NGS to globally investigate and compare the transcriptomes of it and its parents
to improve our understanding of mungbean. Further, based
on transcriptome evaluation we attempted to develop ESTbased SSRs to supplement the number of markers for this
crop.
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Materials and methods
Plant material

Mungbean variety, JL7 (F14 offspring) and its parents (male,
JL2; female, YZ9253) were used for transcriptome sequencing. Six mungbean genotypes, including JL7, two Indian
landraces (V1128 and V2709), one Philippine landrace
(V2802) and two wild accessions (TC1966 and ACC41)
were used for EST-SSRs polymorphism analysis. The seeds
were obtained from the Institute of Cereal and Oil Crops,
Hebei Academy of Agricultural and Forestry Sciences
(HAAFS), Shijiazhuang, China. All the materials were grown
in the HAAFS greenhouse.
Sampling of plant parts

Twenty days after planting, the leaves, stems and roots from
JL7 and its parents were collected separately and immediately frozen in liquid nitrogen at –80◦ C. Total RNA was
extracted using TRIzol reagent (Invitrogen, Carlsbad, USA)
following the manufacturer’s instructions. Total DNA of the
six mungbean genotypes used for EST-SSRs polymorphism
analysis was isolated from young leaves using CTAB method
(Porebski et al. 1997). The concentration of RNA and DNA
was quantiﬁed using an UltrasecTM 2100 pro UV/visible
spectrophotometer (Amersham Biosciences, Uppsala, Sweden), and the quality assessed on 1.5% agarose gel. RNA
(20 μg) was pooled from each of three tissues for cDNA
library construction
cDNA library construction and Illumina sequencing

After RNA was collected, poly(A) mRNA was isolated using
magnetic oligo(dT) beads. Fragmentation buffer (Ambion,
Austin, USA) was used to digest mRNA to produce short
fragments. A random hexamer primer was used to synthesize
the ﬁrst strand of cDNA, and DNA polymerase I and RNase
H were added to synthesize the second strand. Doublestranded cDNAs were then subjected to end-repair and
phosphorylation with T4 DNA polymerase, Klenow DNA
polymerase and T4 polynucleotide kinase. These repaired
cDNA fragments were 3 adenylated using Klenow Exo(3 –5 exo minus, Illumina), then ligated with an adapter
using T4 DNA ligase. The products of the ligation reaction were puriﬁed on a 2% TAE-agarose gel and the desired
range of cDNA fragments (200 ± 25 bp) were excised from
gel. Fifteen rounds of PCR ampliﬁcation were performed to
enrich the puriﬁed cDNA template. A quality control analysis of the cDNA library was then performed on an Agilent 2100 Bioanalyzer and ABI StepOnePlus real-time PCR
system. After validation, the cDNA library was sequenced
on a PE ﬂow cell with an Illumina Genome Analyzer IIx
sequencing platform. All the sequencing data were deposited
in the NCBI sequence read archive (SRA, http://www.ncbi.
nlm.nih.gov/sra) with SRA accession numbers as follows:
SRX752779, SRX752777 and SRX751280.

Journal of Genetics, Vol. 95, No. 3, September 2016

Transcriptome and EST-SSR of mungbean
Data ﬁltering and de novo assembly

The raw reads were cleaned using a stringent ﬁltering process. All adapter sequences, low-quality sequences
(reads with ambiguous bases ‘N’), and reads with more
than 10% Q<20 bases were removed. De novo assembly
was performed using Trinity software (https://github.com/
trinityrnaseq/trinityrnaseq/wiki). The overlap settings used
for this assembly were 31 bp and 80% similarity, with all
other parameters set to their default values. The quality reads
for each mungbean variety were separately assembled into
transcripts. All quality reads were pooled and assembled
into transcripts by using Trinity de novo assembly program
(Grabherr et al. 2011). All the transcripts were subjected to
cluster analysis to obtain unigenes.
Unigene annotation

All unigenes were compared against the NCBI nonredundant (Nr) protein database and Swiss-Prot database using
BLASTx (ver 2.2.30) (Altschul et al. 1997) with an Evalue threshold of 10−5 and ‘plant’ selected as the organism.
All the unigenes were also aligned with the M. truncatula
(Mt 3.0) sequence database using BLASTx with an E-value
cut-off of 10−10 . Based on the results of the Nr annotation, Blast2GO (Conesa et al. 2005) was employed to obtain
the functional classiﬁcation of unigenes. The WEGO tool
(Ye et al. 2006) was used for GO functional classiﬁcation.
The cluster of orthologous groups database (COG) was used
to predict and classify the unigene functions further. Pathway assignments were performed on the basis of the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database
(Kanehisa and Goto 2000) using BLASTx with an E-value
threshold of 10−5 .
DEGs analysis

The coverage of each unigene was determined in terms of
the number of reads per kilobase per million (RPKM). Reads
from each mungbean genotype were mapped onto the assembled unigene database. The software EBSeq3.0 (Leng and
Kendziorski 2014) was used to detect DEGs. The false discovery rate (FDR) was used to adjust the result of the hypothetical test. If the FDR value was lower than 0.01 and the
gene expression in one sample was greater than twice its expression in another sample, the gene was regarded as a DEG.
Real-time quantitative PCR analysis

Mungbean actin gene (AF143208.1) was selected as the
real-time quantitative PCR (RT-qPCR) control. The SuperScript II reverse transcriptase kit (Invitrogen, Carlsbad,
USA) was used to synthesize the ﬁrst-strand cDNAs. Genespeciﬁc primers were designed using Primer Premier Software (ver 5.0). qPCR was performed in 20 μL reactions
using 10 μL of SYBR Premix EX Taq (Takara), 0.4 μL

of each primer (for a ﬁnal concentration of 10 μM), 2 μL
of cDNA and 7.2 μL of sterile distilled water. It was performed on an ABI PRISM 7500 Sequence Detection System using a denaturation temperature of 95◦ C for 30 s,
followed by 40 cycles of 95◦ C for 5 s and 60◦ C for 34 s. The
comparative Ct method (2−Ct ) of relative quantiﬁcation
(Livak and Schmittgen 2001) was used to analyse the realtime qPCR data. All quantitative PCRs for each gene used
three replicates.
EST-SSR detection and primer design

MIcroSAtellite (MISA) (http://pgrc.ipk-gatersleben.de/misa/)
was employed to detect the potential EST-SSRs which
were deﬁned as mononucleotide, dinucleotide, trinucleotide,
tetranucleotide, pentanucleotide and hexanucleotide SSRs
with a minimum of 10 repetitions for mononucleotides and
ﬁve repetitions for the others. Based on the MISA results,
Primer3 (http://sourceforge.net/projects/primer3/ﬁles/prime3/
1.1.4/primer3-1.1.4-WINXP.zip/download) was used to design
the primer pairs using its default setting (Rozen and
Skaletsky 2000).
A survey of EST-SSR polymorphisms

The above mentioned six mungbean genotypes were used for
the polymorphism analysis of 320 randomly selected ESTSSR loci. PCR was performed in a total volume of 10 μL
containing 20 ng of DNA template, 1× Taq buffer, 2 mM
MgCl2 , 0.1 mM dNTPs, 0.5 U Taq DNA polymerase and
0.4 μM each of forward and reverse primers. Ampliﬁcation
was performed in a GeneAmp PCR 9700 System Thermocycler (Applied Biosystems) programmed as: 95◦ C for 3 min
followed by 35 cycles of 95◦ C for 30 s, 55◦ C for 45 s and
72◦ C for 45 s, with a ﬁnal extension for 5 min at 72◦ C.
Ampliﬁed products were separated on 8% polyacrylamide
gels and visualized using silver-staining.

Results
Illumina sequencing and de novo assembly

Through Illumina paired-end sequencing, each sequenced
sample yielded 2 × 73-bp independent reads from either
end of a cDNA fragment. In total, 39.8, 38.3 and 38.3
million reads were obtained, encompassing 2.9, 2.8 and
2.8 Gb of sequence data for JL2, YZ9253 and JL7,
respectively. The guanine and cytosine (GC) contents of
these three samples were 53.1, 53.1 and 52.1%, respectively. After eliminating primer and adapter sequences,
and ﬁltering out low-quality reads, the clean reads were
assembled into transcripts. In total, 40,410, 43,893 and
48,730 transcripts were obtained for JL2, YZ9253 and
JL7, with N50 lengths of 678, 715 and 878, respectively
(table 1). All the high-quality Illumina reads from three
different cDNA libraries were pooled together, and were
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Table 1. Summary of the short reads and transcripts from three mungbean genotypes.
Sample

Total reads

Total nucleotides (nt)

GC%

Transcript

N50_length

JL2
YZ9253
JL7

39839068
38254608
38327982

2908251964
2792586384
2797942686

53.1
53.1
52.1

40,410
43,893
48,730

678
715
878

assembled into transcripts. Following which, 56,471 transcripts with a total length of 46,090,532 bp were identiﬁed. The longest transcript length was 27,313 bp and the
mean transcript length was 812 bp. All the transcripts were
subjected to cluster analyses to obtain unigenes. After that,
43,293 unigenes were obtained with an average length of
739 bp and N50 length of 1176 bp, among which 19,006
(43.9%) were longer than 500 bp, 9648 (22.3%) were longer
than 1000 bp, 2786 (6.4%) were longer than 2000 bp, and the
longest unigene length was 27,311 bp (table 2).

An annotation of all mungbean unigenes

Out of 43,293 unigenes, 34,903 (80.62%) had signiﬁcant
similarity to known plant proteins in the Nr database among
which 27,165 (77.83%) annotated unigenes were used to
retrieve annotations from Glycine max. When searching
against the UniProt/Swiss-Prot database, 21,450 (58.4%) of
all unigenes led to BLAST hits in the Swiss-Prot database.
Because Medicago truncatula is a model legume species,
all unigenes were also compared against the M. truncatula
(Mt 3.0) sequence database using BLASTx with an E-value
threshold of 10−10 . The result showed that up to 29,693
(68.59%) unigenes had annotation hits.
Based on the Nr annotation, a gene ontology (GO) enrichment analysis was performed to classify gene functions of
the unigenes identiﬁed. A total of 27,298 unigenes were
assigned at least one gene GO term. These unigenes were
grouped into 58 GO functional categories, which were distributed under three primary categories ‘molecular function’,
‘biological process’ and ‘cellular components’ (ﬁgure 1).
For ‘molecular function’, genes involved in catalytic activity (42.3%) and binding (42.1%) were highly represented.
For ‘biological process’, proteins related to metabolic processes (21.9%) were the most enriched. Regarding cellular
Table 2. Summary of the unigenes generated in this study.
Unigene length (bp)
200–300
300–500
500–1000
1000–2000
>2000
Total length (bp)
Count
N50 length (bp)
Mean length (bp)
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Unigene number
13,998
10,289
9322
6898
2786
32,007,992
43,293
1176
739.3

components, cell part (24.3%) and cell (24.1%) were the
most represented categories. By contrast, the unigenes sorted
into channel regulator activity, metallochaperone activity,
carbon utilization and cell king extracellular matrix parts
were rare.
In addition, the unigenes that had been previously annotated in the Nr sequence database were subjected to a search
against the cluster of orthologous groups (COG) database
for functional prediction and classiﬁcation. A total of 11,813
sequences were assigned to COG classiﬁcations and they
were classiﬁed into 25 functional categories. Among the
25 COG categories, cluster for ‘general function prediction’
(2957 genes, 17.9%) was the largest group, followed by
‘replication, recombination and repair’ (1547 genes, 9.4%)
and ‘transcription’ (1463 genes, 9.9%). Genes annotated into
‘extracellular structures’ (three genes, 0.02%) and ‘nuclear
structure’ (four, 0.02%) represented the smallest groups predicted by the COG.
Further to understand the biological pathways of the unigenes collection, a pathway-based analysis was conducted
on the basis of the KEGG pathway database. This analysis
predicted 117 pathways as represented by a total of 7458
unigenes. The largest number of unigenes were those in the
‘plant hormone signal transduction’ pathway (260; 3.5%),
followed by unigenes that were involved in the pathway of
‘purine metabolism’ (240; 3.2%), ‘ribosome’ (224; 3.0%),
‘pyrimidine metabolism’ (209; 2.8%) and ‘RNA transport’
(467; 3.0%).

Comparing gene expression level among the three mungbean
genotypes

Gene expression comparisons between JL2 and JL7 (JL2
vs JL7), JL2 and YZ9253 (JL2 vs YZ9253) and YZ9253
and JL7 (YZ9253 vs JL7) showed that 818, 439 and 351
genes were differentially expressed in JL2 vs JL7, JL2 vs
YZ9253 and YZ9253 vs JL7, respectively. There were 182
differentially expressed genes shared in JL2 vs JL7 and JL2
vs YZ9253 comparisons, and there were 141 differentially
expressed genes shared in JL2 vs YZ9253 and YZ9253 vs
JL7 (ﬁgure 2). To analyses further, 253 upregulated genes
and 565 downregulated genes for JL2 vs JL7, 344 upregulated genes and 95 downregulated genes for JL2 vs YZ9253
and 110 upregulated genes and 241 downregulated genes for
YZ9253 vs JL7 were found.
Of the 1245 DEGs, 1148 had signiﬁcant similarity to
known proteins in the Nr database, among which 30 annotated unigenes led to retrieved annotations from known
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Figure 1. GO classiﬁcation of assembled unigenes. The results are summarized under the following three primary GO categories:
biological process, cellular component and molecular function.

mungbean proteins. The GO enrichment analysis for DEGs
with whole transcriptome set as the background showed that
2106, 895 and 1407 DEGs were distributed in the category of
biological process, cellular component and molecular function, respectively. For the molecular function category, DEGs
involved in ‘ATP binding’ (5.1%) and ‘DNA binding’ (3.3%)
were highly represented.

To validate the DEGs detected among the three mungbean genotypes, eight DEGs were randomly selected for validation using real-time qPCR. The gene-speciﬁc primers are
detailed in table 1 in electronic supplementary material at
http://www.ias.ac.in/jgenet/. Figure 3 illustrates the expression pattern of these genes as determined by real-time qPCR
in each of the three mungbean genotypes. The patterns were
consistent with the predictions from the RNA-seq results
which conﬁrmed that the DEG analyses were credible.
EST-SSR mining from mungbean unigenes

Figure 2. Distribution of DEGs in the different genotypes. The
number of DEGs with common or opposite trends in expression
changes between different genotypes are shown in the overlapping
regions.

All 43,293 unigenes were used to detect potential ESTSSRs. In total, 3788 microsatellite regions were isolated
from 3470 unigenes, of which 318 contained more than
one EST-SSR. The microsatellite regions included 1467
(38.7%) mononucleotide motifs, 824 (21.8%) dinucleotide,
1231 (32.5%) trinucleotide, 43 (1.1%) tetranucleotide, 10
(0.3%) pentanucleotide, two (0.05%) hexanucleotide and
211 compound nucleotide (ﬁgure 4). The most common
motif type of mononucleotide repeat was A/T (95.71% of
mononucleotide). The most abundant repeat type for the
dinucleotide motifs was AG/CT (74.5% of dinucleotide),
followed by AT/TA (14.3% of dinucleotide) and AC/GT
(10.9% of dinucleotide). Only two CG/GC repeats were
found. Among the trinucleotide repeat motifs, AAG/CTT
repeats (21.4% of trinucleotide) were the most common, followed by ACA/TGT (9.1% of trinucleotide) and ACC/GGT
(8.9% of trinucleotide).
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remaining 10 loci presented either a difﬁcult interpretation
of genotyping data, or the absence of ampliﬁed products.
Among those polymorphic loci, 53 (16.56%) exhibited polymorphisms among the tested four cultivars. In comparing
these primer pairs as designed from different repeat motifs,
we found that 44–60% of the primer pairs designed from
nucleotide repeats exhibited polymorphisms (table 3).

Discussion

Figure 3. Expression pattern of eight DEGs as determined using
real-time qPCR. Data were normalized against a mungbean actin
gene (AF143208.1) reference. All quantitative PCRs for each gene
used three replicates per experiment, the error bars indicate SD.

Table 2 of electronic supplementary material includes
information regarding forward and reverse primer sequences,
melting temperatures, repeat motifs and expected product
sizes of 320 loci. The successful genotyping of 310 of these
loci were achieved, and 151 (47.2%) exhibited polymorphisms with at least two alleles among tested accessions. The

Mungbean is an important leguminous crop plant widely cultivated throughout the southern half of Asia. In this study,
we generated ∼120 million sequence reads, and ∼9 Gb
from whole plant cDNA libraries of three mungbean genotypes, representing ∼18×the mungbean genome (∼500 Mb)
(Parida et al. 1990). In comparison with a previous study,
which generated 122.6 Mb from two mungbean cDNA
libraries (Moe et al. 2011), the sequencing depth of present
research was much deeper. Based on the ﬁnal assembly and
cluster results, we obtained a Nr set of 43,293 unigenes
representing more than 32-Mb sequences. The average GC
content of the mungbean transcripts is ∼43.9% similar to
some other legume species such as chickpea (40.3%) (Garg
et al. 2011) and peanut (40.5%) (Chen et al. 2013). This
new transcriptome data reported here will complement the
scarce mungbean EST sequence resources in GenBank and
will meet the basic requirements for making a moleculargenetic and biochemical characterization of the mungbean.
Among the high quality unigenes, the BLASTx analysis of

Figure 4. Distribution of EST-SSR nucleotide classes among different nucleotide types.
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Table 3. Polymorphic statistics of the tested EST-SSR primer pairs.
EST-SSR motif type
Mononucleotide
Dinucleotide
Trinucleotide
Tetranucleotide
Compound

Primer pairs number

Polymorphic number

Polymorphic %

130
60
115
5
10

50
35
51
3
5

44.6
58.3
44.3
60.0
50.0

the NCBI Nr database showed that less than 20% of unigenes
did not have signiﬁcant homology to functional plant genes
that encode speciﬁc proteins. The remaining 8390 unigenes
had no signiﬁcant matches to any known protein, which
may be partly explained by novel genes or highly divergent genes, or some of these unigenes might be noncoding
regions. As expected, most of the annotated unigenes led to
the retrieval of annotations from soybeans. This matching
result conﬁrmed our de novo transcriptome assembly results.
On the other hand, it showed a close genetic relation between
mungbean and soybean.
A DEG analysis will assist in ﬁnding related genes associated with special functions. Here, RNA-seq DEG technology
was used to identify mungbean DEGs among three mungbean genotypes. To our knowledge, this is the ﬁrst report of
a DEG analysis among different mungbean samples. Owing
to the fact that there were pedigree relationships between the
mungbean genotypes that we used for transcriptome analysis,
and the offspring ‘JL7’ usually showed better environmental adaptability and yield than its parents, the DEG analysis
may help us to ﬁnd useful genes related to environmental
adaptability. Among the differential expression genes, some
of them were enriched in the WRKY, bZIP and DREB transcription factor (TF) family, such as BMK.1039, BMK.1354
and BMK.1780. Previous studies have shown that the above
mentioned TF families were directly or indirectly involved in
the regulation of plant responses to stress (Rodriguez-Uribe
and O’Connell 2006; Chen et al. 2007; Ren et al. 2010).
Therefore, those DEGs might be related to the differential
environmental adaptability of the three mungbean genotypes.
However, this supposition requires further validation.
Isolation of SSRs has traditionally been an experimentally
long, labour-intensive and economically expensive process,
usually yielding small numbers of usable markers (Zalapa
et al. 2012). Recently, NGS technologies have provided a
fast and cost-effective method (Ekblom and Galindo 2011).
In contrast to the several previous publications describing
the development of EST-SSRs from the mungbean transcriptome (Moe et al. 2011; Gupta et al. 2014; Sehrawat et al.
2014), the largest number of EST-SSRs was generated from
mungbean unigene sequences. Among these sequences, the
trinucleotide was the most common motif type when
mononucleotide motifs were not counted. This ﬁnding was
the opposite of results reported for peanut (Yin et al. 2013),
sesame (Wei et al. 2011) and sweet potato (Wang et al.
2011), but consistent with results reported for chickpea,
common bean, pea and faba bean (Blair et al. 2011; Garg

et al. 2011; Kaur et al. 2012). Among the dinucleotide and
trinucleotide motifs, it appears that AG/CT and AAG/CTT
were more prevalent than other motifs. This ﬁnding was in
accordance with Moe et al. (2011), and consistent with the
results reported for common bean (Blair et al. 2011; Wu
et al. 2014). To validate the efﬁciency of the EST-SSRs
generated from mungbean transcriptome sequences, six
mungbean accessions (including two wild accessions) were
used to test the ampliﬁcation and polymorphisms of 320
primer pairs. Most (96.88%) of the primer pairs were ampliﬁable and 151 (47.50%) primer pairs showed polymorphisms
among the tested mungbean accessions. To our surprise, the
mononucleotide motifs that do not usually provide useful
SSR motifs for designing primer pairs (Wang et al. 2011; Wei
et al. 2011) showed good polymorphism. The results suggest
that the EST-SSRs identiﬁed in our dataset could be used in
the future; in addition, our assembled unigenes were of high
quality.

Conclusions
We generated 38.3–39.8 million paired-end reads using
next-generation Illumina sequencing technology from three
mungbean genotypes. A large EST dataset composed of
43,293 unigenes was assembled and >34,000 unigenes were
annotated by aligning them in different databases. This
ﬁnding can be useful for identifying new genes from the
mungbean transcriptomes. In addition, thousands of ESTSSRs produced here will enable genetic linkage mapping,
gene-based association studies and marker-assisted selective
breeding in mungbean.

Acknowledgements
This research was supported by China Agriculture Research System (CARS-09), Funds for Young Scholar of Hebei Academy of
Agricultural and Forestry Sciences (A2015060302) and Science and
Technology Support Program of Hebei Province (14226303D).

References
Altschul S. F., Madden T. L., Schaffer A. A., Zhang J., Zhang Z.,
Miller W. et al. 1997 Gapped blast and psi-blast: a new generation of protein database search programs. Nucleic Acids Res. 25,
3389–3402.

Journal of Genetics, Vol. 95, No. 3, September 2016

533

Changyou Liu et al.
Blair M. W., Hurtado N., Chavarro C. M., Munoz-Torres M. C.,
Giraldo M. C., Pedraza F. et al. 2011 Gene-based ssr markers for
common bean (phaseolus vulgaris l.) derived from root and leaf
tissue ests: an integration of the BMC series. BMC Plant Biol.
11, 50.
Chen M., Wang Q. Y., Cheng X. G., Xu Z. S., Li L. C., Ye X. G.
et al. 2007 Gmdreb2, a soybean dre-binding transcription factor,
conferred drought and high-salt tolerance in transgenic plants.
Biochem. Biophys. Res. Co. 353, 299–305.
Chen X., Zhu W., Azam S., Li H., Zhu F., Li H. et al. 2013 Deep
sequencing analysis of the transcriptomes of peanut aerial and
subterranean young pods identiﬁes candidate genes related to
early embryo abortion. Plant Biotechnol. J. 11, 115–127.
Cheng X. Z. and Tian J. 2011 Status and future perspectives of Vigna (mungbean and azuki bean) production and
research in China. In The 14th NIAS international workshop on
genetic resources - genetic resources and comparative genomics
of legumes (Glycine and Vigna) (ed. N. Tomooka, D. A.
Vaughan), pp. 83–86. National Institute of Agrobiological Science, Tsukuba.
Conesa A., Gotz S., Garcia-Gomez J. M., Terol J., Talon M.
and Robles M. 2005 Blast2go: a universal tool for annotation,
visualization and analysis in functional genomics research.
Bioinformatics 21, 3674–3676.
Ekblom R. and Galindo J. 2011 Applications of next generation sequencing in molecular ecology of non-model organisms.
Heredity 107, 1–15.
Gao J., Zhang Y., Zhang C., Qi F., Li X., Mu S. et al. 2014
Characterization of the ﬂoral transcriptome of moso bamboo (phyllostachys edulis) at different ﬂowering developmental
stages by transcriptome sequencing and RNA-seq analysis. PLoS
One 9, e98910.
Garg R., Patel R. K., Tyagi A. K. and Jain M. 2011 De novo assembly
of chickpea transcriptome using short reads for gene discovery
and marker identiﬁcation. DNA Res. 18, 53–63.
Grabherr M. G., Haas B. J., Yassour M., Levin J. Z., Thompson
D. A., Amit I. et al. 2011 Full-length transcriptome assembly from
RNA-seq data without a reference genome. Nat. Biotechnol. 29,
644–652.
Gupta S. K., Bansal R. and Gopalakrishna T. 2014 Development
and characterization of genic SSR markers for mungbean (Vigna
radiata (L.) Wilczek). Euphytica 195, 245–258.
Gwag J. G., Chung J. W., Chung H. K., Lee J. H. and Ma K. H. 2006
Characterization of new microsatellite markers in mungbean,
Vigna radiata (L.) Mol. Ecol. Notes 6, 1132–1134.
Iorizzo M., Senalik D. A., Grzebelus D., Bowman M., Cavagnaro
P. F., Matvienko M. et al. 2011 De novo assembly and
characterization of the carrot transcriptome reveals novel
genes, new markers, and genetic diversity. BMC Genomics
12, 389.
Isemura T., Kaga A., Tabata S., Somta P., Srinives P., Shimizu T.
et al. 2012 Construction of a genetic linkage map and
genetic analysis of domestication related traits in mungbean
(Vigna radiata). PLoS One 7, e41304.
Kanehisa M. and Goto S. 2000 KEGG: Kyoto encyclopedia of
genes and genomes. Nucleic. Acids. Res. 28, 27–30.
Kang Y. J., Kim S. K., Kim M. Y., Lestari P., Kim K. H., Ha B. K.
et al. 2014 Genome sequence of mungbean and insights into
evolution within Vigna species. Nat. Commun. 5, 5443.
Kaur S., Pembleton L. W., Cogan N. O., Savin K. W., Leonforte, T.,
Paull J. et al. 2012 Transcriptome sequencing of ﬁeld pea and
faba bean for discovery and validation of SSR genetic markers.
BMC Genomics 13, 104.
Kumar S. V., Tan S. G., Quah S. C. and Yusoff K. 2002 Isolation and characterization of seven tetranucleotide microsatellite loci in mungbean, Vigna radiata. Mol. Ecol. Notes 2, 293–
295.

534

Lam H. M., Xu X., Liu X., Chen W., Yang G., Wong F. L. et al.
2010 Resequencing of 31 wild and cultivated soybean genomes
identiﬁes patterns of genetic diversity and selection. Nat. Genet.
42, 1053–1061.
Lambrides C. J. and Godwin I. D. 2007 Mungbean. In Genome
mapping and molecular breeding in plants (ed. C. Kole),
pp. 69–90. Springer Press, Berlin.
Lee L. W., Zhang S., Etheridge A., Ma L., Martin D., Galas D.
et al. 2010 Complexity of the microRNA repertoire revealed by
next-generation sequencing. RNA 16, 2170–2180.
Leng N. and Kendziorski C. 2014 EBSeq: an R package for
gene and isoform differential expression analysis of RNA-seq
data. R package version 1.6.0. Available online: http://www.
bioconductor.org/packages/release/bioc/html/EBSeq.html.
Livak K. J. and Schmittgen T. D. 2001 Analysis of relative gene
expression data using real-time quantitative PCR and the 2(-delta
delta c(t)) method. Methods 25, 402–408.
Miyagi M., Humphry M., Ma Z. Y., Lambrides C. J., Bateson M.
and Liu C. J. 2004 Construction of bacterial artiﬁcial chromosome
libraries and their application in developing PCR-based markers
closely linked to a major locus conditioning bruchid resistance in
mungbean (Vigna radiata l. Wilczek). Theor. Appl. Genet. 110,
151–156.
Moe K. T., Chung J. W., Cho Y. I., Moon J. K., Ku J. H., Jung J. K.
et al. 2011 Sequence information on simple sequence repeats and
single nucleotide polymorphisms through transcriptome analysis
of mungbean. J. Integr. Plant. Biol. 53, 63–73.
Nagalakshmi U., Wang Z., Waern K., Shou C., Raha D., Gerstein
M. et al. 2008 The transcriptional landscape of the yeast genome
deﬁned by RNA sequencing. Science 320, 1344–1349.
Parida A., Raina S. N. and Narayan R. K. 1990 Quantitative DNA
variation between and within chromosome complements of Vigna
species (Fabaceae). Genetica 82, 125–133.
Porebski S., Bailey L. and Baum B. 1997 Modiﬁcation of a CTAB
DNA extraction protocol for plants containing high polysaccharide and polyphenol components. Plant Mol. Biol. Rep.
15, 8–15.
Ren X., Chen Z., Liu Y., Zhang H., Zhang M., Liu Q. et al. 2010
Abo3, a wrky transcription factor, mediates plant responses to
abscisic acid and drought tolerance in Arabidopsis. The Plant J.
63, 417–429.
Rodriguez-Uribe L. and O’Connell M. A. 2006 A root-speciﬁc bzip
transcription factor is responsive to water deﬁcit stress in tepary
bean (Phaseolus acutifolius) and common bean (P. vulgaris).
J. Exp. Bot. 57, 1391–1398.
Rozen S. and Skaletsky H. 2000 Primer3 on the www for general
users and for biologist programmers. Methods Mol. Boli. 132,
365–386.
Sehrawat N., Bhat K. V., Kaga A., Tomooka N., Yadav M. and
Jaiwal P. K. 2014 Development of new gene-speciﬁc markers associated with salt tolerance for mungbean (Vigna radiata
L.Wilczek). Span. J. Agri. Res. 12, 732–741.
Severin A. J., Woody J. L., Bolon Y. T., Joseph B., Diers B. W.,
Farmer A. D. et al. 2010 RNA-seq atlas of Glycine max: a guide
to the soybean transcriptome. BMC Plant Biol. 10, 160.
Somta P., Musch W., Kongsamai B., Chanprame S., Nakasathien
S., Toojinda T. et al. 2008 New microsatellite markers isolated
from mungbean (Vigna radiata (l.) Wilczek). Mol. Ecol. Resour.
8, 1155–1157.
Tangphatsornruang S., Somta P., Uthaipaisanwong P., Chanprasert
J., Sangsrakru D., Seehalak W. et al. 2009 Characterization
of microsatellites and gene contents from genome shotgun
sequences of mungbean (Vigna radiata (l.) Wilczek). BMC Plant
Biol. 9, 137.
Tomooka N., Vaughan D. A., Moss H. and Maxted N. 2002 The
Asian Vigna: genus Vigna subgenus ceratotropis genetic
resources. Kluwer Academic Publishers, London, UK.

Journal of Genetics, Vol. 95, No. 3, September 2016

Transcriptome and EST-SSR of mungbean
Wang Z., Li J., Luo Z., Huang L., Chen X., Fang B. et al. 2011
Characterization and development of EST-derived SSR markers
in cultivated sweetpotato (Ipomoea batatas). BMC Plant Biol.
11, 139.
Wei W., Qi X., Wang L., Zhang Y., Hua W., Li D. et al. 2011
Characterization of the sesame (Sesamum indicum l.) global
transcriptome using Illumina paired-end sequencing and development of EST-SSR markers. BMC Genomics 12, 451.
Wu J., Wang L., Li L. and Wang S. 2014 De novo assembly of the
common bean transcriptome using short reads for the discovery
of drought-responsive genes. PLoS One 9, e109262.

Ye J., Fang L., Zheng H., Zhang Y., Chen J., Zhang Z. et al. 2006
Wego: a web tool for plotting go annotations. Nucleic Acids Res.
34, W293–W297.
Yin D., Wang Y., Zhang X., Li H., Lu X., Zhang J. et al. 2013
De novo assembly of the peanut (Arachis hypogaea l.) seed
transcriptome revealed candidate unigenes for oil accumulation
pathways. PLoS One 8, e73767.
Zalapa J. E., Cuevas H., Zhu H., Steffan S., Senalik D., Zeldin E.
et al. 2012 Using next-generation sequencing approaches to
isolate simple sequence repeat (SSR) loci in the plant sciences.
Am. J. Bot. 99, 193–208.

Received 26 May 2015, in revised form 16 November 2015; accepted 25 November 2015
Unedited version published online: 1 December 2015
Final version published online:13 July 2016

Journal of Genetics, Vol. 95, No. 3, September 2016

535

