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Abstract
Scutellaria viscidula Bunge (Labiatae), a perennial herb, is an important medicinal plant that possesses broad pharmaco-
logical actions. S. viscidula contains flavonoids with good bioactivities (e.g., baicalin, wogonoside, baicalein, and wogonin) 
mainly in its dry root, which is used as alternative to Scutellaria baicalensis in the north of China. Furthermore, S. viscidula 
also has flavones with interesting diverged structures such as panicolin, viscidulin I, viscidulin II, and viscidulin III. Trac-
ing the dynamic process of gene expression will help reveal the mechanism of flavonoid synthesis in S. viscidula, as well as 
the 4′-deoxyflavone biosynthesis in S. baicalensis. One way is to generate and analyze the expressed sequence tags (ESTs). 
However, little is known on the transcriptome information of S. viscidula, particularly the key genes involved in flavonoid 
biosynthesis. In this study, we conducted de novo transcriptome analysis of S. viscidula and obtained 42,310,834 reads and 
40,052 unigenes, respectively. We revealed 177 genes relating to flavonoid biosynthesis, where 23 key enzyme-encoding 
genes including CHS, CHI, F3H, PAL, and 4CL were annotated. Furthermore, we investigated the dynamic expression of 
SvCHS, SvCHI, SvF3H, SvMYB2, and SvbHLH of stem, root, and leaf of S. viscidula in May, July, and September. Our 
results showed that these key genes had important regulatory function and exhibited positive correlation with total flavo-
noid content in different growth stages of S. viscidula. Collectively, this study provides high-quality transcriptome data of 
S. viscidula, and further gives significant information for understanding the molecular mechanism of gene expression and 
active ingredients in Scutellaria plants.
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Introduction

Labiatae is a relatively large family, with an estimated 220 
genera and approximately 2200 species (98 genera and 808 
species in China), which includes several economically 
important medicinal plants distributing worldwide, such as 
Mentha haplocalyx Briq., Salvia miltiorrhiza Bge., Scutel-
laria baicalensis Georgi., and Scutellaria viscidula Bunge., 
which is a perennial herb that contains flavonoids (baicalin, 
baicalein, etc.) that possess effective medicinal functions 
of inhibiting human immune-deficiency virus (HIV-1), 
human T-cell leukemia virus (HTLV-1), and cancer cells. 
S. viscidula has active ingredients including flavonones, fla-
vones, and flavonols, which are also present in S. baicalen-
sis that is commonly used in traditional Chinese medicine 
(Guo et al. 2016). The dry root of S. viscidula has been 
used as herbal medicines in north and northeast of China 
for more than 2000 years. With the decline of wild resource 
of S. baicalensis and increased demand for baicalin, other 
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Scutellaria plants (e.g., S. viscidula, Scutellaria amoena) 
are becoming alternatives to extract flavonoids in pharma-
ceutical industry (Guo et al. 2016; Liu 2016). Flavonoids are 
the secondary metabolites that have a common basic struc-
ture (C6–C3–C6) with one or more hydroxyl substituent. In 
general, the biosynthesis of flavonoids is regulated by the 
upstream phenylpropanoid pathway (Vrancken et al. 2013), 
where the key enzymes synthesizing universal precursors are 
phenylalanine ammonia lyase (PAL), cinnamate-4-hydrox-
ylase (C4H), and 4-coumarate CoA ligase (4CL) (Fig. 1). 
To understand the biosynthesis of flavonoids, we charac-
terized the key genes involved in this synthesis pathway in 
model plants, such as chalcone synthase (CHS), chalcone 

isomerase (CHI), flavanone-3-hydroxylase (F3H), flavonol 
synthase (FLS), dihydroflavonal-4-reductase (DFR), and 
flavone synthase (FNS). However, only 8 DNA and RNA 
sequences, 6 proteins, 0 EST, and 0 gene could be found in 
the national center for biotechnology information (NCBI) 
GenBank database (as of October 1, 2016). The key genes 
involved in flavonoid biosynthesis of S. viscidula remain 
unknown, which may further limit gene mining, molecular 
markers and genetic engineering breeding of S. viscidula.

The high-throughput next generation RNA sequencing 
(RNA-seq) technology offers rapid genome-wide transcrip-
tomic studies and is widely used to define gene structure 
and expression profiles in model organisms. The assembly 

Fig. 1  Flavonoid biosynthesis pathways in plants
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of de novo transcriptome based on short reads generated 
from RNA-seq method allows gene discovery in organisms 
that were not previously studied. High-quality transcrip-
tome data are not only powerful in gene mining and clon-
ing, but also provide useful information for setting molecular 
breeding strategy in medicinal plants. In addition, RNA-seq 
can illustrate the identification of novel genes and simple 
sequence repeat (SSR) molecular markers. For example, 
Zhao et al. (2017) performed de novo sequencing and iden-
tified a number of putative genes involved in flavonoid bio-
synthesis in Toona sinensis, which is one of the traditional 
Chinese medicinal plants (Zhao et al. 2017). For Scutellaria 
plants, Liu et al. (2015) conducted a deep sequencing of 
S. baicalensis transcriptome and identified four candidate 
6-hydroxylase genes for the formation of baicalin (Liu et al. 
2015). However, it remains unknown whether interspecific 
differences exist in the biosynthesis of flavonoids. Moreo-
ver, it is intriguing that the key genes involved in flavonoids 
synthesis have temporal specificity (Ferreyra et al. 2012). 
Recently, Zhao et al. demonstrated that different synthesis 
pathways of flavones exist between the aerial parts and the 
roots of S. baicalensis (Zhao et al. 2016). They found root-
specific isoforms of flavone synthase II (FNSII), coenzyme 
A ligase (SbCLL-7), and chalcone synthase (SbCHS-2) 
involving in the synthesis of 4′-deoxyflavones in the roots of 
S. baicalensis. Two cytochromes P450 (CYP450) enzymes 
which 6- and 8-hydroxylate chrysin to form the 4′-deoxy-
flavone bioactives in roots of S. baicalensis are also been 
reported (Zhao et al. 2018). Given the importance of fla-
vonoids in medicine, further investigations are needed to 
reveal the synthesis pathways in other Scutellaria species. 
For this purpose, it is necessary to investigate how flavonoid 
biosynthesis was dynamically regulated in different parts of 
S. viscidula at different growth stages using transcriptomic 
approaches.

The previous studies, focusing mainly on collecting 
germplasms and characterizing active components, have 
successfully isolated flavonoids and confirmed their struc-
tures and medicinal functions (Shang et al. 2010). However, 
the extraction of flavonoids could not be fully completed 
because of the inefficient extracting processes, which leads 
to excessive harvesting and exploitation of medicinal plants 
in Scutellaria. Therefore, being able to produce stable fla-
vonoids in large quantities is considered to be a promising 
strategy to meet the high market demand of active ingredi-
ents. Here, we characterize the transcriptome of S. viscidula 
using next generation sequencing (NGS) technology based 
on Illumina® HiSeq 2000 platform. We would like to answer 
that: (a) generate high-quality transcripts and unigenes of 
S. viscidula; (b) identify candidate genes encoding key 
enzymes involved in flavonoid biosynthesis pathways; (c) 
produce the primer pairs of SSRs and the transcription fac-
tors; and (d) analyze dynamic expression of key genes and 

their correlation with total flavonoids in different stages. We 
showed an overview of transcriptome data, where we discov-
ered many candidate genes encoding key enzymes involved 
in the flavonoid biosynthesis of S. viscidula. Furthermore, 
we identified several differentially expressed enzyme-encod-
ing genes at spatial and temporal levels and proposed their 
roles in the regulation process.

Materials and methods

Plant materials

We collected fresh S. viscidula including their roots, stems, 
and leaves from the Germplasm Resource Garden for 
Medicinal Plants in Shaanxi Normal University in May, 
July and September in 2015. The taxonomic identities of 
voucher specimens were further confirmed by a medicinal 
botanist to ensure accurate identifications. Part of roots, 
stems, and leaves collected from five fresh S. viscidula of 
each period were dried to a constant weight at 60 °C to 
measure flavonoid content using Lambda 950 spectropho-
tometer (PerkinElmer, Hopkinton, USA). For analyzing the 
dynamic expression of genes, the remaining part of the five 
fresh S. viscidula of each period were used in quantitative 
real-time PCR (qRT-PCR). For transcriptome analysis, three 
fresh plants were collected in July, since they contained the 
highest content of total flavonoids (data shown below) and 
were cut into small pieces with sufficient mixing, and then 
immediately frozen in liquid nitrogen and stored at − 80 °C 
for further experiment.

RNA extraction

Total RNA were isolated from the root of S. viscidula using 
Total RNA Reagent (Wolact, Hongkong, China) according 
to the production instructions. Three replicates were sam-
pled and their roots were mixed for RNA preparation. RNA 
samples were treated with RNase-free DNase (TaKaRa, 
Dalian, China) to eliminate genomic DNA contamination. 
Degradation of RNA was monitored on 1% agarose gels. 
Purity of RNA was checked using NanoPhotometer spectro-
photometer (Implen, CA, USA). The concentration of RNA 
was measured using Qubit RNA Assay Kit in Qubit 2.0 
Fluorometer (Life Technologies, CA, USA). The integrity 
of RNA was assessed using the RNA Nano 6000 Assay Kit 
of the Agilent Bioanalyzer 2100 system (Agilent Technolo-
gies, CA, USA).

cDNA library construction and sequencing

To construct cDNA library, we first used poly-T oligo-
linked magnetic beads to isolate mRNAs with poly-A tail. 
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 Illumina® proprietary fragmentation buffer (Illumina, San 
Diego, USA) was then added to cut mRNAs into short frag-
ments (Chen et al. 2014). Using random oligonucleotides, 
we synthesized the first strand of cDNA. The subsequent 
cDNA synthesis was performed using  Illumina® TruSeq 
RNA Sample Preparation Kit (Illumina, San Diego, USA) 
according to manufacturer’s instructions. To select cDNA 
fragments of preferentially 150–200 bp in length, we puri-
fied the library fragments with AMPure XP system (Beck-
man Coulter, Beverly, USA). The clustering of the index-
coded samples was performed on a cBot Cluster Generation 
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina, 
San Diego, USA) according to the manufacturer’s instruc-
tions. After cluster generation, the library preparations were 
sequenced on  Illumina® Hiseq 2000 platform (Novogene, 
Beijing, China) and paired-end reads were generated.

Quality control and transcriptome assembly

Raw reads of fastq format were first processed through 
inhouse perl scripts. In this step, clean reads were obtained 
by removing sequencing adapters, poly-N, and low qual-
ity reads from raw reads. At the same time, Q20, Q30, GC 
content, and sequence duplication level of the clean reads 
were calculated. All the downstream analyses were based on 
clean reads with high quality. Paired-end reads files from all 
libraries/samples were pooled into left.fq (read1) and right.
fq (read2) files separately. Transcriptome assembly was 
accomplished based on the left.fq and right.fq using Trinity 
(Grabherr et al. 2011) with min_kmer_cov set to 2 by default 
and all other parameters set as default.

Functional annotation

We first carried out homology search against the NCBI 
non-redundant nucleotide sequences (Nr–Nt) database 
using BLASTN algorithm (E value < 10−5) to remove ribo-
somal RNA sequences. For further functional annotation, 
the remaining sequences were searched against the NCBI 
non-redundant protein sequences (Nr–P), protein family 
(Pfam), eukaryotic orthologous groups/clusters of ortholo-
gous groups of proteins (KOG/COG), Swiss-Prot, Kyoto 
encyclopedia of genes and genomes (KEGG) ortholog data-
base (KO) and gene ontology database (GO) by BLASTX 
(E value < 10−5) (Fig. S1). KOG is a classification system 
for orthologous gene products, where the proteins were 
assumed to have the same ancestor proteins. KEGG is a 
database containing systematic analysis of gene functions, 
and linking genomic information with functional informa-
tion of higher order (Kanehisa and Goto 2000). To learn 
more about the function of genes obtained in S. viscidula, a 
BLASTX search against KEGG database with an E value of 
 10−5 was performed. GO is a functional classification system 

used for annotating and analyzing the functions of genes in 
any organisms.

SSR detection

SSRs of S. viscidula transcriptome were identified using 
MISA 1.0 (MIcroSAtellite; http://pgrc.ipk-gater slebe n.de/
misa/). Default parameters were set for identification of 
mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide motifs 
as 10, 6, 5, 5, 5, and 5 repeats, respectively. Primers for each 
SSR were designed using Primer3 (http://prime r3.sourc eforg 
e.net/relea ses.php). SSR motifs were designed with the fol-
lowing parameters: primer sizes ranging from 18 to 25 bp 
and PCR product sizes ranging from 100 to 500 bp with GC 
content ranging from 40 to 60%.

Analysis of total flavonoids by UV 
spectrophotometry

We collected fresh roots, stems, and leaves of S. viscidula 
at ten o’clock when the plants reached the optimal state of 
a day, in the middle of May, July, and September. For each 
month group, five samples of S. viscidula were collected 
and were dried in dark at 60 °C. The dried roots, stems, and 
leaves were then separately comminuted with a miller. Each 
solid sample (40 mesh, 0.40 g) was weighed and extracted 
with 20 ml 70% ethanol by reflux extraction for 3 times 
within 60 min. The extracts were cooled to 25 °C and fil-
tered through 0.45 µm  Millipore® membrane filters (Merck, 
Kenilworth, USA), and then, 1 ml of the filtrate was diluted 
to 100 ml with 70% ethanol. Afterwards, the filtrate was 
analyzed by Lambda 950 spectrophotometer (PerkinElmer, 
Hopkinton, USA) at a wavelength of 238 nm. Data were 
analyzed and evaluated by SPSS Statistics 17.0 (http://www.
spss.com.cn/). Duncan’s test was used to distinguish differ-
ences between mean values.

qRT‑PCR of gene expression during three stages 
of different parts

The unigenes identified in our study have been deposited 
in NCBI’s Gene Expression Omnibus (Edgar et al. 2002) 
and are accessible through GEO Series accession number 
GSE108555 (https ://www.ncbi.nlm.nih.gov/geo/query /
acc.cgi?acc=GSE10 8555). The sequences for the identi-
fied chalcone synthase gene (SvCHS) have been submitted 
to the NCBI GenBank database with an accession number 
MG745795. We used Bio-Rad® CFX96 qRT-PCR (Bio-Rad, 
Hercules, USA) to analyze the transcription levels of putative 
key enzyme genes (SvCHS, SvCHI, SvF3H, SvMYB2, and 
SvbHLH) in the roots, stems, and leaves of S. viscidula. The 
reverse transcription reaction was performed using Prime 
Script 1st Strand cDNA Synthesis Kit and SYBR Premix 

http://pgrc.ipk-gatersleben.de/misa/
http://pgrc.ipk-gatersleben.de/misa/
http://primer3.sourceforge.net/releases.php
http://primer3.sourceforge.net/releases.php
http://www.spss.com.cn/
http://www.spss.com.cn/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108555
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108555
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Extaq Kits (TaKaRa, Dalian, China). Primer sequences 
generated by Primer3 for the qRT-PCR assay are listed in 
Table 1. The Actin gene was chosen as an endogenous control 
in studying gene expressions in various samples of S. vis-
cidula. Each reaction with a total volume of 25 µl contained 
12.5 µl 2 × SYBR Premix Extaq (TaKaRa, Dalian, China), 
10 ng of cDNA, and 200 nM gene-specific primers. The 
cycling conditions were as follows: 95 °C for 30 s followed 
by 40 cycles of 95 °C for 10 s and then 61 °C for 30 s. A 
melting curve was performed from 55 to 95 °C to check the 
specificity of the amplified product. The mean value of three 
replicates was normalized using Actin as the internal control.

Results and discussion

Transcriptome sequence assembling and functional 
classification

In total, 42,310,834 clean reads used for subsequent analysis 
were produced. These reads had an average GC content of 
45.39%. After assembling, we got 40,052 unigenes ranging 
from 201 to 13,361 bp with an N50 length of 1577 bp. After 
searching against seven databases, we got 24,892 assembled 
unigenes (62.14%) out of 40,052 sequences (Table 2) that 
were annotated.

Total of 9732 unigenes (24.29% of total unigenes) were 
clustered into 26 groups using KOG (Fig. 2). The largest part 
was assigned to the cluster of general function prediction only 
(1609, 14.75%) followed by posttranslational modification, 
protein turnover, and chaperones (1322, 12.12%) and the third 
category was signal transduction mechanisms (871, 7.98%).

With using GO, 18,796 unigenes (46.92% of total uni-
genes) were classified into three functional categories: bio-
logical process (50,627 genes), cellular component (37,187 
genes), and molecular function (24,482 genes) (Fig. 3). Based 
on GO annotation, cellular process (11,568 genes), cell (7502 

genes), and binding (11,167 genes) were the largest GO terms 
in biological process of cellular component and molecular 
function, respectively. We also found that metabolic process 
(10,986 genes), catalytic activity (9488 genes), and cell part 
(7486 genes) consist of considerable parts in the three classi-
fications. In addition, 291 genes were assigned to the second-
ary metabolic process and provide abundance data to reveal 
plant secondary metabolism (Fig. 4). These results indicated 
that most of the sequences were categorized into fundamental 
pathways of biological regulation and metabolism.

We mapped 9173 unigenes to 262 KEGG pathways. Of 
these, 4014 were involved in metabolism processes (Fig. 5). 
These genes are related to pathways involved in the biosynthe-
sis of other secondary metabolites, including phenylpropanoid 
biosynthesis (136 genes, ko00940), flavonoid biosynthesis (35 
genes, ko00941), stilbenoid, diarylheptanoid and gingerol bio-
synthesis (40 genes, ko00945) and flavone and flavonol bio-
synthesis (7 genes, ko00944). Given the number of mapped 
unigenes, it is obvious that flavonoid biosynthesis lies just 
in the downstream of phenylpropanoid biosynthesis, which 
also plays a key role in the secondary metabolic activity. This 

Table 1  Primers of quantitative 
real-time PCR

Gene name Primer sequences (5′→3′) Annealing tempera-
ture (°C)

Size (bp)

Actin F TTG ATC TTG CTG GTC GTG ATC TCA 
R TGT TTC TAG CTC TTG CTC GTA GTC G

61 155

SvCHI F CAT CCT CTT CAC CCA ATC GC
R CTT GCC GCC AAA CTC TGC T

61 177

SvCHS F TGG ACC AGG TGG AGG AGA AGC 
R GGG CCG AAG CCG AAA AGA AC

61 196

SvF3H F GGC GAA GCG TGA CAG AGG CGTA 
R TGT TGG GGG CAT TTT GGG TAGA 

61 166

SvbHLH F GGT TCT TGT GTG GGG TGA TGGG 
R CGT GGC TGG TGG CTG CTT T

61 162

SvMYB2 F ATG GCT CAA CTA CCT CAG ACC TAA T
R TCT TCC TGG TAA TGA CCC TGCTA 

61 130

Table 2  Statistics for the annotation of unigenes in S. viscidula 

Number of 
unigenes

Percentage (%)

Annotated in Nr–Nt 23,528 58.74
Annotated in Nr–P 11,205 27.97
Annotated in KO 7964 19.88
Annotated in Swiss-Prot 17,912 44.72
Annotated in Pfam 16,881 42.14
Annotated in GO 18,796 46.92
Annotated in KOG 9732 24.29
Annotated in all databases 3676 9.17
Annotated in at least one databases 24,892 62.14
Total unigenes 40,052 100
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result will contribute to deciphering the metabolomics path-
ways and the application of drug manufacture in S. viscidula.

In addition, we compared the 11 enzymes of flavonoid 
biosynthesis with the results of Liu et al. (2015) obtained in 
S. baicalensis (Liu et al. 2015). We found that an enzyme, 
anthocyanidin reductase (ANR), is absent in S. viscidula 
(Fig. 6). It is noteworthy that ANR involved in the pro-
cess of catalyzing pelargonidin, cyanidin, and delphinidin, 
which will further generate epiafzelechin, epicatechin, and 
epigallocatechin. The absence of ANR will lead to meta-
bolic, physiological, and phenotypic diversity of flavonoid 
biosynthesis between S. viscidula and S. baicalensis. For 
example, there is high flavone/flavonol biosynthesis in flow-
ers of S. viscidula caused by high expression of MYB12, 
a transcription factor that regulates proanthocyanidin and 
flavonol synthesis (Yamagishi 2011; Wang et al. 2017). This 
could reduce anthocyanin biosynthesis due to high levels of 
flavonol/flavone biosynthesis which compete for flavanone 
precursors. Thus, the flower color of S. viscidula is usually 
light yellow, while that of S. baicalensis is typically purple.

Frequency and distribution of SSRs 
in the transcriptome

As a resource for random candidate markers in population 
genetics studies, SSRs are polymorphic stretches of 1–6 
nucleotide units repeated in tandem and randomly spread 
in eukaryotic genomes (Krumholz et al. 2009). SSRs are 

Fig. 2  Histogram presentation of KOG classification. (1) RNA pro-
cessing and modification; (2) chromatin structure and dynamics; (3) 
energy production and conversion; (4) cell cycle control, cell divi-
sion, chromosome partitioning; (5) amino acid transport and metab-
olism; (6) nucleotide transport and metabolism; (7) carbohydrate 
transport and metabolism; (8) coenzyme transport and metabolism; 
(9) lipid transport and metabolism; (10) translation, ribosomal struc-
ture and biogenesis; (11) transcription; (12) replication, recombina-
tion and repair; (13) cell wall/membrane/envelope biogenesis; (14) 
cell motility; (15) posttranslational modification, protein turnover, 
chaperones; (16) inorganic ion transport and metabolism; (17) sec-
ondary metabolites biosynthesis, transport and catabolism; (18) 
general function prediction only; (19) FUNCTION unknown; (20) 
signal transduction mechanisms; (21) Intracellular trafficking, secre-
tion, and vesicular transport; (22) defense mechanisms; (23) extracel-
lular structures; (24) unnamed protein; (25) nuclear structure; (26) 
Cytoskeleton

Fig. 3  Histogram of GO classification of annotated unigenes from S. 
viscidula transcriptome. Biological process: (1) biological adhesion; 
(2) biological regulation; (3) cellular component organization or bio-
genesis; (4) cellular process; (5) developmental process; (6) estab-
lishment of localization; (7) growth; (8) immune system process; (9) 
localization; (10) locomotion; (11) metabolic process; (12) multicel-
lular organismal process; (13) multi-organism process; (14) negative 
regulation of biological process; (15) positive regulation of biologi-
cal process; (16) regulation of biological process; (17) reproduction; 
(18) reproductive process; (19) response to stimulus; (20) signaling; 
(21) single-organism process. Cellular component: (22) cell; (23) 

cell junction; (24) cell part; (25) extracellular matrix; (26) extracel-
lular matrix part; (27) extracellular region; (28) extracellular region 
part; (29) macromolecular complex; (30) membrane; (31) membrane-
enclosed lumen; (32) membrane part; (33) organelle; (34) organelle 
part; (35) virion; (36) virion part. Molecular function: (37) antioxi-
dant activity; (38) binding; (39) catalytic activity; (40) channel regu-
lator activity; (41) enzyme regulator activity; (42) molecular trans-
ducer activity; (43) nucleic acid binding transcription factor activity; 
(44) protein binding transcription factor activity; (45) receptor activ-
ity; (46) structural molecule activity; (47) transporter activity
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generally associated with functional and phenotypic varia-
tions. In plants, SSRs have been used as a powerful genetic 
resource for genetic mapping (Cipriani et al. 1999) and 
phylogenetic study (Guilford et al. 1997). In this study, 
8925 SSR loci, distributing in 7298 unigenes (18.22%), 
were obtained from all the 40,052 unigenes. On average, 
SSRs occurs every 3960 bp in length. Dinucleotide repeats 
(4614, 51.69%) were the most common SSRs in our data sets 
(Table 3), and followed by mononucleotide (2591, 29.03%) 

and trinucleotide (1633, 8.32%). Among the dinucleotide 
repeat motif, AG/CT (3640, 40.78%) appears as the largest 
class, followed by AC/GT (523, 5.86%) and AT/AT (450, 
5.04%). These results have important practical value for 
analyzing the genetic diversity and molecular breeding of 
S. viscidula using SSR molecular markers.

Accumulation of total flavonoids in root, stem, 
and leaf of three periods

Our results indicated that total flavonoids’ content of roots in 
July was significantly higher than those in May and Septem-
ber (Fig. 7). This could be related to the growth characteris-
tics of S. viscidula. In general, S. viscidula reaches the vigor-
ous stage in July and August when it begins to accumulate 
secondary metabolites. For leaves and stems, the content of 
total flavonoids increases gradually from May to Septem-
ber, indicating a different pattern of flavonoid synthesis in 
them. For different parts of S. viscidula, root has the highest 
flavonoid content, followed by stem, and leaf has the lowest 
content of total flavonoids (Fig. S5). This result supported 
with the fact that root is usually used as the main medicinal 
part of S. viscidula (Yamamoto 1991).

Dynamic gene expression in flavonoid biosynthesis

Using transcriptomic analysis, we identified a series of 
transcription factor families (TFs) involved in the flavo-
noid biosynthesis of S. viscidula. Several well-known 
families of Myb transcription factors (MYB), basic 

Fig. 4  Unigenes from S. viscidula related to secondary metabolism 
according to KEGG. (1) aflatoxin biosynthesis; (2) anthocyanin bio-
synthesis; (3) betalain biosynthesis; (4) butirosin and neomycin bio-
synthesis; (5) caffeine metabolism; (6) flavone and flavonol biosyn-
thesis; (7) flavonoid biosynthesis; (8) glucosinolate biosynthesis; (9) 
isoflavonoid biosynthesis; (10) isoquinoline alkaloid biosynthesis; 
(11) novobiocin biosynthesis; (12) phenylpropanoid biosynthesis; 
(13) stilbenoid, diarylheptanoid and gingerol biosynthesis; (14) strep-
tomycin biosynthesis; (15) tropane, piperidine and pyridine alkaloid 
biosynthesis

Fig. 5  KEGG classification of 
unigenes in S. viscidula. (A) 
Cell process. (B) Environment 
information processing. (C) 
Genetic information processing. 
(D) Metabolism. (E) Organis-
mal
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helix–loop-transcription factors (bHLH), and WD40 repeat 
proteins (WD40) have 88, 34, and 10 unigenes in S. viscidula 
transcriptome, respectively (Table 4) (Hichri et al. 2010). It 
has been confirmed that MYB and bHLH regulate the gene 
expression of flavonoid synthesis (Zhao et al. 2013; Xu et al. 
2015). In addition, MYB, bHLH, and WD40 can form a pro-
tein complex structure named MBW (MYB–bHLH–WD40). 
This structure (TT2/TT8/TTG1) controls the accumulation 
of flavonoid biosynthesis in Arabidopsis thaliana (Baudry 
et al. 2004, 2006; Xu et al. 2015).

To investigate how the flavonoid biosynthesis was spa-
tially and temporally regulated at transcription level, we 
identified several key genes including SvCHS, SvCHI, 
SvF3H, SvMYB2, and SvbHLH and analyzed the expression 
levels of these genes by qRT-PCR. SvCHS and SvCHI are 
the first two genes involved in the early, upstream of the 
flavonoid biosynthesis pathways. SvCHS encodes the first 
key enzyme that catalyzed Malonyl-CoA and 4-coumarate 
CoA to chalcone pathway (Koes et al. 1994). SvCHI encodes 
another key enzyme that catalyzed chalcone to flavanone, 
which further synthesized many other flavonoid compounds 

(Fig. 1). Muir et al. (2001) found that overexpression of 
Petunia CHI leads flavonoid compounds to increase mark-
edly (Muir et al. 2001). In root, as presented, the relative 
expression of SvCHS all exhibited higher level in July than 
in May and the expression level decreased in September 
(Fig. 8). On the contrary, SvCHI exhibited lower level of 
gene expression in root in each month. SvMYB2 was down 
expressed in each period, indicating possible regulations to 
SvCHS and SvCHI, which was positive to SvCHS while neg-
ative to SvCHI. These results were similar to other findings 
in S. baicalensis that MYB2 negatively regulates the expres-
sion of CHI and positively regulates the expression of CHS 
(Yuan et al. 2013). In addition, SvbHLH and SvF3H had no 
remarkable temporal regularity, indicating that there is no 
regulation relationship between the two genes, which is con-
sistent with the results of Grotewold et al. (Grotewold et al. 
1998). Given the expression level of SvCHS, SvF3H, and 
SvCHI, we concluded that these genes were highly expressed 
in July when the content of total flavonoids reached high 
level, indicating a possible positive correlation between gene 
expression level and flavonoid content.

Fig. 6  Metabolic pathway of flavonoid biosynthesis in S. viscidula 
according to KEGG annotation. 11 enzymes from the transcriptome 
sequences data set are marked in red boxes. The box filled in red (EC. 

1.3.1.77) represents anthocyanidin reductase (ANR), which is absent 
in S. viscidula but present in S. baicalensis 
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Furthermore, we observed obvious organ-specific expres-
sion of these genes. In May, July, and September, the expres-
sion level of SvCHS and SvMYB2 was higher in root than in 
stem and leaf, while SvCHI was highly expressed in leaf. In 
July and September, SvF3H has the highest expression level in 
stem. These results were similar to the work of S. baicalensis 
by Liu et al. (2015), suggesting that flavonoid synthesis was 
regulated in different manners in plants (Liu et al. 2015). There 
is also strong evidence that roots responded more rapidly and 
accumulated higher levels of defense-related hormones than 
leaves (Balmer et al. 2013; Larbat et al. 2012). Recently, Zhao 
et al. described a root-specific 4′-deoxyflavone synthesis path-
way and identified specific isoforms of SbCHS-2 and CYP82D 
in S. baicalensis (Zhao et al. 2016, 2018). In addition, Lei 
et al. cloned a new root-specific gene CHS in S. viscidula and 
confirmed that it is structurally close to CHS in S. baicalen-
sis (Lei et al. 2010). Furthermore, we conducted nucleotide 
alignment between SvCHS, SbCHS-1, and SbCHS-2 using 
NCBI BLAST tool. We found that the SvCHS characterized 
in our study was closer to the root-specific SbCHS-2, com-
paring with SbCHS-1 in S. baicalensis (Table 5; Fig. S2-S4). 
Given the structure as well as expression level of SvCHS and 
SvMYB2 in our study, it is, therefore, reasonable to conjecture 
that the two genes involve in flavonoid synthesis in the same 
manner, i.e., root-specific 4′-deoxyflavone pathway, in S. vis-
cidula. In addition, light, which is one of the most important 
environmental factors, affects flavonoid biosynthesis in plants. 
Numerous studies have revealed that R2R3 MYB transcription 
factors can regulate differential expression in the biosynthesis 
of distinct flavonoids in response to specific light (Zoratti et al. 
2014). As the major light-sensing organ, leaves absorb light in 
different wavelengths, and further regulate the metabolic path-
ways in plants. In our study, we found that SvCHI was highly 
expressed in leaves in each period, indicating a possible role 
of this gene in light-dependent flavonoid synthesis. Recently, 
Sheehan et al. (2016) demonstrated that another R2R3-type 
MYB transcription factor, MYB–FL, is the major determi-
nant of differences in flavonol levels and can affect pollinator 
preference in Petunia (Sheehan et al. 2016). For S. viscidula, 
the different expressions of flavonoid synthesis genes are con-
sidered to be correlated with positive evolutionary significance 
(e.g., pollination and stress resistance). In conclusion, these 
results help to gain more insight into genetic manipulation 
of organ-specific gene expression (e.g., genome editing) and 
thereby enhance flavonoid contents in plants.

Conclusions

In this study, we used transcriptome sequencing to provide 
functional information of genes that are related to flavonoid 
synthesis in several secondary metabolism pathways of S. 
viscidula. Total 24,892 unigenes were functionally annotated 

Table 3  Number of SSRs in S. viscidula transcriptome

Motif Repeat number

Mononucleotide 2591
Dinucleotide 4614
AG/CT 3640
AC/GT 523
AT/AT 450
CG/CG 1
Trinucleotide 1633
AAG/CTT 450
ATC/ATG 254
ACC/GGT 234
CCG/CGG 203
AGG/CCT 198
AGC/CTG 123
AAT/ATT 62
AAC/GTT 57
ACG/CGT 33
ACT/AGT 21
Tetranucleotide 54
Pentanucleotide 17
Hexa-nucleotide 14

Fig. 7  Changes of total flavone content in each periods of the same 
part of S. viscidula. Total flavone content showed significant differ-
ence among May, July and September in roots, stems and leaves. 
Samples were collected from five replicates. Data were analyzed by 
Duncan’s test. *P < 0.05

Table 4  Related transcript factor MYB, Bhlh, and WD40 in flavonoid 
biosynthesis pathways

Name Number 
of uni-
genes

MYB (Myb transcription) 88
bHLH (basic helix-loop-transcription factor) 34
WD40 (WD40 repeat protein) 10
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using KO, Swiss-Prot, Pfam, GO, and KOG. Furthermore, 
we identified 178 unigenes as candidate genes involved in 
the biosynthesis of flavonoids. The results will deepen our 
understanding of candidate genes involved in flavonoid bio-
synthesis, which will ultimately contribute to the improve-
ment of medicinal quality of S. viscidula. Meanwhile, we 
demonstrated the identification of flavonoid genes and com-
pared these genes among species in Scutellaria to reveal the 
molecular mechanism and gene evolution in flavonoid syn-
thesis pathways. These high-quality unigenes and candidate 
genes will be useful in trait related gene mining. In addition, 
results from SSRs will help analyze genetic diversity and 
improve medicinal active ingredients. These data sets can 
serve as reference transcriptome for further analyses, e.g., 
quantitative gene expression profiling, to broaden our under-
standing of S. viscidula and to improve the content of active 
ingredients in this medicinal plant.
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Fig. 8  Changes of the expression of several genes in S. viscidula. 
Quantitative real-time PCR analysis of key enzyme genes involving 
in flavonoid synthesis in roots, stems and leaves of different periods. 

a SvCHS, b SvF3H, c SvCHI, d SvbHLH, e SvMYB2. Actin gene was 
amplified as an internal control. Data are expressed as the mean ± SD 
of five replicates

Table 5  Alignment of nucleotide sequences from VIS comp24856_c0, EU386767, KT963460, and KT963461

The two-sequence alignment is conducted between the chalcone synthase (SvCHS) gene (VIS comp24856_c0) obtained in our study and the 
three chalcone synthase gene (EU386767, KT963460, and KT963461) obtained by other researchers using NCBI BLAST tool with default 
parameters. The results showed that the SvCHS gene identified in our study was closer to the chalcone synthase-2 (SbCHS-2) gene identified in 
S. baicalensis, indicating that SvCHS identified in this study is root-specific in flavonoid synthesis

Sequence ID Gene Species Max score Total score Query 
cover (%)

E value Identity (%)

VIS comp24856_c0 Chalcone synthase S. viscidula
EU386767 Chalcone synthase S. viscidula 2516 2516 91 0 96
KT963460 Chalcone synthase-1 S. baicalensis 1168 1168 68 0 85
KT963461 Chalcone synthase-2 S. baicalensis 2067 2067 69 0 98
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