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ABSTRACT

Scutellaria baicalensis is an important medicinal plant, but few genomic resources are availa-
ble for this species, as well as for other non-model plants. One of the major new directions in
genome research is to discover the full spectrum of genes transcribed from the whole genome.
Here, we report extensive transcriptome data of the early growth stage of S. baicalensis. This
transcriptome consensus sequence was constructed by de novo assembly of shotgun sequenc-
ing data, obtained using multiple next-generation DNA sequencing (NGS) platforms
(Roche/454 GS_FLX+ and Illumina/Solexa HiSeq2000). We show that this new approach to
obtain extensive mRNA is an efficient strategy for genome-wide transcriptome analysis. We
obtained 1,226,938 and 161,417,646 reads using the GS_FLX and the Illumina/Solexa HiS-
eq2000, respectively. De novo assembly of the high-quality GS_FLX and Illumina reads
(95 % and 75 %) resulted in more than 82 Mb of mRNA consensus sequence, which we as-
sembled into 51,188 contigs, with at least 500 bp per contig. Of these contigs, 39,581 con-
tained known genes, as determined by BLASTX searches against non-redundant NCBI data-
base. Of these, 20,498 different genes were expressed during the early growth stage of S. bai-
calensis. We have made the expressed sequences available on a public database. Our results
demonstrate the utility of combining NGS technologies as a basis for the development of ge-
nomic tools in non-model, medicinal plant species. Knowledge of all described genes and
quantitation of the expressed genes, including the transcription factors involved, will be useful
in studies of the biology of S. baicalensis gene regulation.

Keywords: de novo assembly, expression profiling, next generation sequencing, Scutellaria
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392



EXCLI Journal 2014;13:392-400 — ISSN 1611-2156

Received: September 13, 2013, accepted: September 26, 2013, published: April 07, 2014

INTRODUCTION

Microarray hybridization systems have
been used traditionally to profile the ex-
pression of known genes in a given organ-
ism or tissue (Watson et al., 1998). Total
RNA sequencing, using a high-throughput
DNA sequencing method, is another meth-
od that not only efficiently provides RNA
sequence data but also profiles gene expres-
sion and identifies novel genes in non-
model organisms (Parchman et al., 2010;
Zeng et al., 2010; Logacheva et al., 2011).
The ability to obtain whole genome tran-
scriptome data efficiently, rapidly, and at a
low cost has been facilitated by the use of
next-generation DNA sequencing (NGS)
technologies such as the Roche/454
GS_FLX+ and Illumina/Solexa HiSeq2000.

Although NGS platforms have been
used to derive transcriptome data, many
geneticists and biologists do not have ex-
tensive transcriptome sequence data availa-
ble to perform the challenging de novo as-
sembly of NGS data derived from multiple
NGS platforms.

The pyrosequencing approach used by
the Roche/454 GS FLX+ is useful for de
novo assembly to construct a reference gene
expression profile in a novel genome
(Ekblom et al., 2010; Kumar and Blaxter,
2010; Hsiao et al., 2011; Sloan et al., 2012).
The long sequence reads obtained with the
Roche/454 GS_FLX+ (average read-length,
600 bp) allows discovery of unigenes, while
reducing incorrect assembly of homologous
sequence regions. It is estimated that about
1 million reads (of approximately 600 Mb)
per 1 PicoTiterPlate run on the Roche/454
GS_FLX+ is sufficient to provide 15% cov-
erage of the whole transcriptome derived
from a 40-Mb genome.

In contrast, the short read sequences of
the Illumina/Solexa HiSeq2000 provide a
cost-effective means to profile gene expres-
sion and allow mapping to known reference
genes (Matsumura et al., 2010; Oshlack et
al., 2010; Wickramasinghe et al., 2012) but
are not suitable for discovering novel genes,
because de novo assembly of these data is

challenging. However, data from the HiS-
eq2000 should allow efficient extension of
a reference RNA data set when using mul-
tiplatform sequence data, viz., the sub-data
from the HiSeq2000 and the preliminary
contig assembly data derived from the
Roche/454 GS_FLX+ reads, in a hybrid de
novo assembly approach. However, such a
hybrid total mRNA assembly has not yet
been reported for construction of a tran-
scriptome reference sequence data set.

Scutellaria baicalensis, one of 50 fun-
damental herbs used in traditional Chinese
medicine, is a species of flowering plant in
the Lamiaceae family. This plant is used in
traditional Chinese medicine to treat in-
flammation, respiratory tract infections, di-
arrhea, dysentery, liver disorders, hyperten-
sion, hemorrhaging, and insomnia (Nishi-
kawa et al., 1999; Li et al., 2000). S. bai-
calensis is rich in flavones, a class of flavo-
noids produced by plants. Of these, bai-
calin, baicalein, and wogonin exhibit bio-
logical and pharmacological properties, in-
cluding antioxidative and cancer prevention
effects, and have been useful for treating
and preventing coronary heart disease
(Martens and Mithofer, 2005). Correlating
gene expression with flavone biosynthesis
in S. baicalensis allowed engineering of a
gene for increased production of flavones in
a transgenic hairy root culture system (Xu
et al., 2010; Park et al., 2011). Insufficient
S. baicalensis sequencing data are available
to study functional genomics in this plant.
However, applying NGS technology to S.
baicalensis may facilitate study of the func-
tional genes important for metabolic engi-
neering in this plant.

In this study, we performed a de novo
assembly of multiplatform sequencing data,
obtained using both the Roche/454
GS_FLX+ and Illumina/Solexa HiSeq2000
sequencing technologies and characterized
the expression profiles of these genes to
establish a novel transcriptome reference
data set for S. baicalensis.
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MATERIALS AND METHODS

Plant material and RNA isolation

Sterilized S. baicalensis seeds were
placed on agar-solidified MS culture medi-
um (Murashige and Skoog, 1962). The
seeds were germinated and grown at 25 °C
in a growth chamber with a 16-h photoperi-
od for 3 months. The young plants were
then used to study normal gene expression
from the whole genome, in the early growth
stage of this plant. Total RNA was isolated
from pooled root, stem, and leaf organs us-
ing a total RNA isolation kit (GeneAll, cat.
#305-101, Seoul, Korea).

454 GS_FLX and Illumina sequencing

Total mMRNA was transcribed and shot-
gun sequenced using both the Roche/454
GS_FLX+ and Illumina/Solexa HiSeq2000
NGS systems. For the GS_FLX+ platform,
mRNA was purified from total RNA using
Sera-Mag Magnetic Oligo (dT) beads (lI-
lumina cat. #RS-930-1001, San Diego, CA,
USA), while cDNA synthesis, NGS library
construction, and DNA sequencing were
performed following the manufacturer’s
instructions (Roche Diagnostics, Mann-
heim, Germany). mRNA purification from
total RNA, cDNA synthesis, library con-
struction, and DNA sequencing were per-
formed following the manufacturer’s se-
quence protocol using the HiSeq2000 (II-
lumina).

Construction of a transcriptome for the
reference sequence

De novo assembly of the pooled se-
quencing data from both NGS platforms
was performed using Trinity software
(http://TrinityRNASeq.sourceforge.net).

Prior to assembly, the raw data from
both NGS sequencing platforms were fil-
tered for a Phred quality score of at least 20
and for read-lengths of at least 200 bp for
the GS_FLX+ data and 75 bp for the HiS-
eq2000 data. Therefore, only high quality
sequencing data with at least QC20, i.e.,

1 % of DNA sequencing error ratio on each
base were used during assembly.

Gene annotation

A total of 51,188 contigs with a consen-
sus sequence of at least 500 bp was used to
predict genes with Augustus software
(http://augustus.gobics.de/) and were anno-
tated using BLASTX based on sequence
similarity to known proteins in the non-
redundant NCBI database. The genes were
classified using Gene Ontology (GO) terms.
Moreover, the number of different genes
with matching gene descriptions was de-
termined.

Gene expression quantification

Total gene expression was quantified by
mapping the filtered HiSeq2000 sequence
data to the 51,188 reference contigs con-
structed from the hybrid assembly of
GS_FLX+ and HiSeg2000 data. All reads
mapped to the reference sequence were
normalized by the RPKM method (reads
per kilobase of exon model per million
mapped reads), a formula reported by Mor-
tazavi et al., which is used to quantify gene
expression (Mortazavi et al., 2008).

RESULTS AND DISCUSSION

Sequencing and de novo assembly

We obtained 624,555,295 bp from
1,226,938 reads on the GS FLX+ and
15,361,260,265 bp from 161,417,646 reads
on the HiSeq2000 platform. Of these,
624,555,205 bp (99 %) and 15,361,260,265
bp (71 %) from the raw DNA FASTA se-
quences derived from the GS_FLX+ and
HiSeq2000 platforms, respectively, were
verified as having a high quality score of at
least QC20 (Table 1). A total of 96,681,919
bp of high-quality DNA sequence data from
96,663 contigs were combined for de novo
assembly. Thus, we obtained approximately
82 Mb of sequence, comprising 51,188 con-
tigs with a read-length of at least 500 bp
and an average contig read-length of 1,616
bp (Table 2).
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Table 1: Summary of sequencing data derived from the GS_FLX+ and HiSeq2000 platforms

Coverage depth

for an estimated
Reads Length (bp) transcriptome

length of 40 Mb

GS_FLX+
Raw FASTA sequence 1,289,901 629,029,941 16
High quality sequence

uality 1,226,938 (95%) 624,555,205 (99 %) 16
after trimming

HiSeq2000
Raw FASTA sequence 215,200,340 21,735,234,340 543
High quality sequence 161,417,646 (99 %) 15,361,260,265 (71 %) 384
after trimming

Sum of GS_FLX+ & HiSeq2000
Raw FASTA sequence 216,490,241 22,364,264,281 559
High quality sequence 162,644,584 (75%) 15,985,815,470 (71 %) 400

after trimming

"High quality sequence after trimming is the data that remains after filtering for a quality score of at
least 20, and removing short read-lengths of less than 200 bp and 75 bp on GS_FLX+ and HiSeq2000
reads, respectively.

Table 2: Summary of contigs and read-length from the de novo assembly of high-quality sequencing
data using Trinity software

Contigs Length (bp) Average length (bp)/contig
All contigs 96,663 96,681,919 1,000
Contigs with at least 500 bp 51,188 82,633,331 1,614

De novo assembly was performed by pooling high quality sequencing data from GS_FLX+ and HiS-
€g200 platforms using Trinity software

The number of contigs with lengths of sponse-related genes in avocado (Persea
500-600 bp was 5,927 (11.6 %). A further americana) to the root pathogen P. cinna-
5,940 contigs (11.6 %) had a length of at mon (Mahomed and van den Berg, 2011). A
least 3000 bp, whereas 31,050 contigs large number (625,342) of pyrosequencing
(60.7 %) had a length of at least 1,000 bp reads from the Roche/454 GS_FLX+ plat-

(Figure 1). This result demonstrated the ad- form was also used previously to construct
vantage of combining data from multiple 15,284 contigs, with a length >300 bp, us-
platforms to obtain transcriptome infor- ing de novo assembly in the transcriptome
mation and construct contigs, compared to analysis of the tree peony (Paeonia suffru-
previous transcriptome studies that used ticosa Andrews) (Gai et al., 2012), provid-
data from a single platform (454 pyrose- ing a gene discovery resource in this plant.
quencing of Roche/454 GS_FLX+) (Pazos- The large contigs established in our
Navarro et al., 2011; Rowland et al., 2012; study could be useful for plant breeders or
Sloan et al., 2012). A single NGS platform geneticists to understand transcriptome data
has been used previously for transcriptome from S. baicalensis. All annotated gene se-
analysis, generating a low number of con- guences have been uploaded to a publicly
tigs from a small amount of pyrosequencing accessible database
data and successfully identified defense re- (ftp://ngs.snu.ac.kr/hwanggeum/).
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Figure 1: Distribution of the number of contigs based on contig length. The average length of contigs
was 1,616 bp in 51,188 contigs of at least 500-bp length. Of these contigs, 5,940 (11.6 %) had a
length of at least 3,000 bp, whereas 31,050 (60.7 %) had a length of at least 1,000 bp.

Gene annotation

To analyze the transcriptome, we used
BLASTX searches of the 51,818 contigs for
gene annotation. We identified 39,581 con-
tigs with similarity (E-value cutoff: e-7) to
sequences in the non-redundant NCBI data-
base. Of these, we identified a total of
20,498 different genes expressed in the ear-
ly growth stage of S. baicalensis. We found
that an average of two annotated contigs
matched to the same gene, based on the de-
scriptions in the NCBI public database.
Again, the large number of different genes
identified demonstrates the effectiveness of
combining NGS data from multiple plat-
forms to discover expressed genes when
studying the transcriptome of a novel spe-
cies.

We summarized the distribution of
20,498 different genes, identified through
BLASTX-searches in NCBI, in different
taxonomic categories (Table 3). More than

44 % (9,746 genes) of the total 20,498 dif-
ferent genes had matches with genes in Vi-
tis vinifera. Moreover, almost 30 % of the
genes identified in S. baicalensis were ex-
pressed in Ricinus communis and Populus
trichocarpa.

All annotated genes were further classi-
fied using GO terms analysis, based on the
cellular component, function, and biologi-
cal process categories (Figure 2). A total of
15,401, 13,730, and 14,626 genes were
matched to these three categories, respec-
tively. A total of 15,294 and 11,651 genes
were classified to the cell and organelle,
based on the cellular component. The three
highest groupings for the molecular func-
tion category were binding (9,384), catalyt-
ic activity (8,211), and transporter activity
(1,460). In the biological processing group,
the categories of cellular process- and met-
abolic process-related genes contained the
highest number of genes (12,324 and
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10,553 genes, respectively). Specifically, 2004; Mehrtens et al., 2005; Du et al.,

we identified 1,193 immune system-related 2009), are another important element in the
genes and 240 viral reproduction genes. regulation of gene expression. We found
Transcription factors (TFs), which are key 126 TFs, including putative TF data; these
to plant development and the responses of genes provide useful insights into S. bai-
plants to environmental stressors (Broun, calensis regulation.

Table 3: Distribution of different genes matched to the NCBI database using BLASTX searches

Taxonomy category Different genes Frequency ( %)
Vitis vinifera 9746 47.5
Ricinus communis 3114 15.2
Populus trichocarpa 2954 14.4
Glycine max 465 2.3
Nicotiana tabacum 434 2.1
Arabidopsis thaliana 337 1.6
Arabidopsis lyrata subsp. lyrata 333 1.6
Solanum lycopersicum 308 15
Solanum tuberosum 210 1.0
Medicago truncatula 134 0.7
Oryza sativa Japonica Group 129 0.6
Sorghum bicolor 107 0.5
Capsicum annuum 67 0.3
Other plants 2160 10.5
Total 20498 100 %
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Figure 2: Distribution of annotated genes according to Gene Ontology terms on the basis of cellular
localization, molecular function, and biological processes. A total of 1,5401, 1,3730, and 1,4626 genes
had matches in the cellular component, molecular function, and biological process sectors, respective-

ly
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Gene expression quantification

A total of 152,917,924 (94.7 %) of
161,417,646 reads from the HiSeq2000
platform were mapped to the reference con-
tig sequence. All 51,188 contigs were iden-
tified as expressed using the HiSeq2000
RNA sequencing data mapping method. We
found that the HiSeq2000 RNA sequencing
data comprehensively covered the S. bai-
calensis transcriptome. In the RPKM quan-
tification of gene expression, the gene ex-
pression quantifier ranged from 0.007 to
4,554 in 51,188 expressed sequence tags
(ESTs), incorporating 39,581 known genes
and 11,607 unknown genes, with an aver-
age quantifier for gene expression of 12.7.
The first 5,119 (10 %) highly expressed
genes, with an average quantifier of 88.15,
were expressed more than 6.9-fold higher
than the average quantifier for all ESTs
(12.7; data not shown). A total of 718 ESTs
was highly expressed with a quantifier of
127 on RPKM analysis (Figure 3). Of the
718 highly expressed genes, six ESTs were
photosynthesis-related genes. The quantita-
tive expression data are available on a pub-
licly accessible database
(ftp://ngs.snu.ac.kr/hwanggeum/) and will
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be useful as a standard expression profile
against which other quantitative expression
data from other S. baicalensis research
fields can be compared.

CONCLUSION

This is the first study to identify a com-
prehensive transcriptome of the early
growth stage of S. baicalensis using de no-
vo assembly of sequence data derived from
multiple NGS platforms. The combination
of mMRNA sequences from the Roche/454
GS_FLX and Illumina/Solexa HiSeq 2000
was effective for identifying a large set of
unigenes through de novo assembly of
whole-genome data from a single species.
A total of 51,188 contigs, at least 500 bp
long, were obtained in this transcriptome
analysis. Of these, at least 20,498 different
genes were identified as being expressed in
the early growth stage in S. baicalensis.
Knowledge of all described genes and
quantitation of the expressed genes, includ-
ing the TFs involved, will provide useful
insights into gene regulation in S. bai-
calensis.

20000 25000 30000 35000

Frequency of contigs ordered by highly expressed genes

Figure 3: RPKM (reads per kilobase of exon model per million mapped reads) of contigs ordered by
highly expressed genes. The first 32,000 genes demonstrating high expression are presented on the

chart.
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