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Abstract

Background

Erigeron breviscapus, a well-known traditional Chinese medicinal herb, is broadly used in
the treatment of cerebrovascular disease. Scutellarin, a kind of flavonoids, is considered as
the material base of the pharmaceutical activities in E. breviscapus. The stable and high
content of scutellarin is critical for the quality and efficiency of E. breviscapus in the clinical
use. Therefore, understanding the molecular mechanism of scutellarin biosynthesis is cru-
cial for metabolic engineering to increase the content of the active compound. However,
there is virtually no study available yet concerning the genetic research of scutellarin bio-
synthesis in E. breviscapus.

Results

Using lllumina sequencing technology, we obtained over three billion bases of high-quality
sequence data and conducted de novo assembly and annotation without prior genome
information. A total of 182,527 unigenes (mean length = 738 bp) were found. 63,059 uni-
genes were functionally annotated with a cut-off E-value of 107°. Next, a total of 238 (200
up-regulated and 38 down-regulated genes) and 513 (375 up-regulated and 138 down-reg-
ulated genes) differentially expressed genes were identified at different time points after
methyl jasmonate (MeJA) treatment, which fell into categories of ‘metabolic process’ and
‘cellular process’ using GO database, suggesting that MeJA-induced activities of signal
pathway in plant mainly led to re-programming of metabolism and cell activity. In addition,
13 predicted genes that might participate in the metabolism of flavonoids were found by two
co-expression analyses in E. breviscapus.
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Conclusions

Our study is the first to provide a transcriptome sequence resource for E. breviscapus plants
after MeJA treatment and it reveals transcriptome re-programming upon elicitation. As the
result, several putative unknown genes involved in the metabolism of flavonoids were pre-
dicted. These data provide a valuable resource for the genetic and genomic studies of spe-
cial flavonoids metabolism and further metabolic engineering in E. breviscapus.

Introduction

Erigeron breviscapus (Vant.) Hand-Mazz. (Deng Zhanhua in Chinese) is a famous traditional
Chinese medicine, broadly used for cerebrovascular disease in clinic [1]. The main active com-
pounds of E. breviscapus are flavonoids and their derivatives, such as scutellarin and apigenin
7-O-glucuronide [2]. More than 95% of the clinical efficiency E. breviscapus is performed for
the treatment of cerebrovascular disease and apoplexy sequelae [3]. However, such active
nature compounds are only found in a few Erigeron species, including E. breviscapus and E.
multiradiatus. What's worse, E. breviscapus, mainly distributed in Yunnan province in China,
is endangered due to overexploitation [4].

Though the biosynthesis of flavonoids in many plants has been well characterized [5-7],
only a few key genes including enzyme-encoding genes and transcription factors (TFs)
involved in the biosynthesis of scutellarin have been cloned from E. breviscapus without any
function confirmation [8-10]. The biosynthesis of flavonoids origins from phenylpropanoid
pathway, and L-phenylalanine is transformed into 4-coumaroyl-CoA by phenylammonia lyase
(PAL), cinnamate-4-hydroxylase (C4H) and coumaroyl-CoA-ligase (4CL). And then one
4-coumaroyl-CoA molecule with three malony-CoA molecules produces a naringenin chal-
cone (4, 2', 4, 6'-tetrahydroxychalcone) through chalcone synthases (CHS). Through chalcone
isomerase (CHI) and flavone synthase IT (ENS II), chalcone is transformed into apigenin. In
some plants, flavonoids 6-hydroxylase (F6H) have been found, which however have been
insufficiently studied due to their restricted occurrence. F6H is a cytochrome P450-dependent
monooxygenase (CYP71D9) in soybean [11], but a 2-oxoglutarate-dependent dioxygenase
(ODD) in Chrysosplenium americanum [12]. Furthermore, because there is a 6-OH in the scu-
tellarin structure, we believe there must be a F6H that converts apigenin to scutellarein in E.
breviscapus, like F6Hs in other plants abovementioned. Meanwhile, FNS II and F6H may be in
no particular order. Finally, scutellarein is glycosylated by flavonoid 7-O-glucuronosyltransfer-
ase (F7GAT) to scutellarin and F7GAT is firstly purified in S. baicalensis [12].

TFs are proteins that bind to specific DNA sequences in the promoters to control and regu-
late the transcription of genes. Many TF families, such as WRKY, MYB and bHLH, perform
extensive regulatory effects to the biosynthesis of flavonoids in plant kingdom [13]. In grape,
VvMYBS5Db can activate the transcription of ANS, CHI and LARI directly and contribute to the
regulation of anthocyanin and proanthocyanidin biosynthesis [14]. In most cases, MYB-
bHLH-WD40 always participates in the biosynthesis of flavonoids as a protein complex [15].
In rice, OsWRKY13 has been found to show effects on the biosynthesis of flavonoids [16].
However, it is still unknown as how TFs regulate the biosynthesis of scutellarin in E.
breviscapus.

Many signal molecules, including Methyl jasmonates (MeJA), abscisic acid (ABA) and sali-
cylic acid (SA) show extensive regulations to the secondary metabolism containing biosynthe-
sis of flavonoids [17]. On the one hand, in our previous research, the yields of rosmarinic acid
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and tanshinone in Salvia miltiorrhiza and lignans in Isatis indigotica were significantly induced
by exogenous MeJA. In addition, it is well known that most MeJA-induced plants show a larger
accumulation of flavonoids [18]. On the other hand, analysis after MeJA treatment also can be
used to unveil the relation between gene and metabolism, find key genes involved in the bio-
synthesis of active compounds and conduct metabolic engineering [19, 20]. However, the effect
of MeJA on the biosynthesis of scutellarin in E. breviscapus has not been elucidated up to now.

To get a comprehensive understanding of the global regulation mechanism of MeJA on scu-
tellarin biosynthesis in E. breviscapus, the transcriptomes of MeJA-induced E. breviscapus seed-
lings were performed in this study. Comparison of the gene expression profiles among three
independent groups (0 h, 3 h, and 12 h after treatment) revealed the genes that were up- or
down-regulated at different time of MeJA treatment and two gene co-expression networks
were analyzed to find 13 putative flavonoids genes.

Result and Discussion

2.1 lllumina sequencing and de novo assembly of sequence reads in E.
breviscapus

The sequencing produced 5,409,932 reads with a total of 332,496,270 nucleotides (nt). The
number of all unigenes was 182,527, and the max and min lengths of unigenes were 16,893 and
201, respectively (Fig 1A). Of these unigenes, the length of about 44.05% was more than 500
bp, which was great for further deep analyses (Fig 1B).

2.2 COG and GO classification and KEGG pathway enrichment of
unique sequences

The Gene Ontology (GO) analysis was used to classify the functions of all unigenes. A total
17,078 (9.4%) unigenes were classified into 47 subcategories and three main categories. In ‘bio-
logical processes’ group, two subgroups, ‘cellular process” and ‘metabolic process’ had more
members than others, indicating that the plants were undergoing extensive metabolic activities.
For the ‘cellular components’, the assignments were mainly given to the ‘cell’, ‘cell part’ and
‘organelle’. ‘Binding’ and ‘catalytic active’ were the most highly represented groups under the
‘molecular function’ category (Fig 2A). The statistics abovementioned also accorded with such
plants as Sophora moorcroftiana [21], Prosopis alba [22] and Chorispora bungeana [23]. This

A B

Database Number [R0000):05.8%
Number of unigenes 182,527

Max length of unigenes 16,893

Min length of unigenes 201

Average length of unigenes 738 - (0-2001:0.00%

= >=2000:7.0T%

Unigene size N50 1164
(A+T)% of unigenes 62.51 4 [1500-2000):5.45%
(C+G)% of unigenes 37.49 " [1000-1500):9.08%

[500-1000):22.45%,

* 134,708,294 bp in all unigenes

Fig 1. Summary of sequences analysis. A) Basic data of sequences, B) Length distribution of the
sequences.

doi:10.1371/journal.pone.0143881.g001
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Fig 2. Functional classification of the assembled unigenes. A) Functional classification of the assembled
unigenes based on Gene Ontology (GO) categorisation. 17,078 unigenes were summarised in three main
GO categories: ‘biological processes’, ‘cellular components’ and ‘molecular functions’. The Y-axis represents
the number of genes, and X-axis represents the different categories. B) COG classification of the putative
proteins. 19,274 unigenes were aligned to the COG database to predict and classify possible functions and
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were classified into 24 different functional COG classes. The Y-axis indicates the number of unigenes in a
specific functional cluster and the X-axis indicates the symbols of different functional COG classes. C)
Histogram presentation of the KEGG classification of the annotated transcripts. A total of 7,984 unique
sequences were annotated into 33 pathways of 4 groups (‘Cellular Processes’, ‘Environmental Information
Processing’, ‘Metabolism’ and ‘Organismal Systems’). The X-axis indicates the KEGG pathway, and the Y-
axis indicates the percentage of unigenes that were assigned to a specific pathway.

doi:10.1371/journal.pone.0143881.g002

analysis provided a clue of the gene function, which might help further studies on gene func-
tion prediction.

To classify the orthologous gene products, through the Cluster of Orthologous Groups of
proteins (COG) database, 19,274 unique (10.6%) sequences were annotated and classified into
24 different functional COG classes, which were represented by A to Z. The largest group was
the ‘general function prediction only’, followed by ‘translation, ribosomal structure and biogen-
esis’; ‘posttranslational modification, protein turnover, chaperones’; and ‘replication, recombi-
nation and repair’ (Fig 2B). Based on the COG analysis, this work helped us to better
understand the protein function without reference genome sequence and protein evolution.

To further understand the active biochemical pathways in E. breviscapus, unigenes were
mapped into reference canonical pathways in Kyoto Encyclopedia of Genes and Genomes
(KEGG) (Fig 2C). A total of 7,984 unique sequences (4.4%) were annotated into 33 pathways
of 4 groups (‘Cellular Processes’, ‘Environmental Information Processing’, ‘Metabolism’ and
‘Organismal Systems’). By comparing the GO and COG analyses, the pathway-based analysis
may predict the accurate function of genes in metabolism. A summary of the unigenes annota-
tion is given in S1 Table.

2.3 Candidate genes encoding enzymes involved in the biosynthesis of
scutellarin

Based on Nr datasets, the numbers of the unigenes involved in the biosynthesis of scutellarin
were discovered in this study (Fig 3A), including PAL, C4H, 4CL, CHS, CHI, FNS II, ENS I,
F6H, F3H, UGT.

We have previously mentioned that there must be a F6H, which converts apigenin to scutel-
larein, followed by glucuronidation catalyzed by F7GAT (Fig 3B). According to the results, 8
F7GAT were identified, which might convert scutellarein to scutellarin. Unfortunately,
candidate F6H was not found in this result and the same result was found in Yang’ research
[4]. Furthermore, all hydroxylases were discovered and classified into three groups (isoflavone
hydroxylase, flavonoids hydroxylase and other hydroxylase). The result showed that the flavo-
noids hydroxylases only included flavonoid 3'-hydroxylases (24, 9%), flavonoid 3', 5'-hydroxy-
lases (4, 1%) and flavonoid 3-hydroxylases (34, 14%). The reason for this result might be that
the F6H has been insufficiently studied due to its restricted occurrence (Fig 3C).

2.4 |dentification of transcription factors

TFs are proteins, binding to specific DNA sequences in the promoters to control and regulate
the transcription of genes, which are essential for plants to respond to various stresses and
pathogen attacks from environment, such as drought, high salt content and high temperature.
In this study, 4072 TFs were identified and classified into 17 different common families by
searching from unique transcriptoms (Fig 4). AP2/ERF family was the largest group (297, 7%),
followed by MYB (189, 5%), bHLH (173, 4%) and WRKY (151, 4%). This result is similar to
the wheat transcriptome, whose largest group is bZIP, followed by MBF1, WRKY and MYB
[24], and similar to the result from the Tibetan Sophora transcriptome, whose largest group is
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Fig 3. Transcripts involved in flavonoids biosynthesis in E. breviscapus. A) Identification of the
catalyzing enzymes involved in flavonoids biosynthesis. The X-axis indicates the number of genes, and the
Y-axis indicates the name of genes. B) Putative biosynthesis of scutellarin in E. breviscapus. Full and dashed
lines mark defined and putative steps in plants, respectively. The red words indicate the unknown steps in
plants. Enzyme abbreviations are as follows: CHI: chalcone isomerase; CHS: chalcone synthase; FNS II:
Flavone synthase Il; FEH: flavonoid 6-hydroxylase; F7GAT: flavonoid 7-O-glucuronosyliransferase. C) All
annotated hydroxylases in unigenes using Nr databases. No F6H was found.

doi:10.1371/journal.pone.0143881.g003

bZIP, followed by MYB, bHLH, and WRKY [25]. Despite a minor difference, these results fur-
ther suggest that AP2/ERF, MYB, bHLH, and WRKY TFs are superfamilies in plants, and the
expression of most numbers are affected by abiotic and abiotic stress such as heat, low tempera-
ture, MeJA and ethylene. To understand the impact of MeJA on these important transcription
factors, expression change comparison was studied (Fig 5 and S2 Table) and the result was con-
cluded in Table 1. Notably, two families (bHLH and WRKY) were susceptible to MeJA, includ-
ing 46 (24.7%) and 68 (43.6%) significantly regulated genes respectively.

Furthermore, to understand the influence of other stresses from environment, the heat
responsive and ethylene responsive proteins were identified through the Nr database. For heat,
554 protein sequences and 46 transcription factors were identified. The result showed that the
heat shock protein was the largest group (22, 4%) (Fig 6A). For ethylene, 287 proteins and 205
transcription factors were identified, which contained the largest AP2/ERF family (119, 41%)
(Fig 6B).

2.5 Verification of expression profile by gPCR

To confirm the gene expression data, 8 transcription factors from 4 crucial transcription factor
families abovementioned (AP2/ERF, MYB, bHLH, and WRKY) whose expression was up- or
down regulated after MeJA treatment were randomly chosen for qRT-PCR analysis. As shown
in Fig 4, the unigene expression trends were similar in both sequencing and transcript data

(Fig 7).
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Fig 4. Number of unique transcripts that were annotated as transcription factors.

doi:10.1371/journal.pone.0143881.g004

PLOS ONE | DOI:10.1371/journal.pone.0143881 December 14,2015 7/18



" ®
@ ’ PLOS ‘ ONE MeJA-Induced Erigeron breviscapus

AP2/ERF bHLH

Color Key

|
) i

Value

[
. &
o
.
i

Color Key Color Key

-2 012
Value

Value

2.

»

X12h
X0h
X3h

Fig 5. Cluster analysis of the different expression of four important transcription factor families across three comparisons. The differentially
expression levels were log10 transformed and are shown with high expression represented by red and low expression represented by blue.

doi:10.1371/journal.pone.0143881.9005

PLOS ONE | DOI:10.1371/journal.pone.0143881 December 14,2015 8/18



@PLOS | ONE

MeJA-Induced Erigeron breviscapus

Table 1. The impact of MeJA on four transcription factor families.

Family name  Up-regulated genes

Down-regulated genes  Up/Down-regulated genes  Untested genes  Significantly regulated genes

MYB 21
AP2/ERF 9

bHLH 28

WRKY 15

28 45 33 24
26 22 26 28
65 60 33 46
51 64 26 68

doi:10.1371/journal.pone.0143881.1001

2.6 Analysis of differential gene expression after treatment of MeJA

After calculating the expression level of each mapped unigene (adjusted p-value < = 0.05), a
total of 238 (200 up-regulated genes and 38 down-regulated genes) and 513 unigenes (375
up-regulated genes and 138 down-regulated genes) were induced significantly (>2 folds
between the MeJA-treated and control) after 3 and 12 hours of MeJA treatment respectively.
Fig 8A showed that the number of different expression gene between two repetitions of 0 h
(0h_1-0h_2),3h (3h_1-3h_2)and 12 h (12 h_1-12 h_2) was close, however 3 hours after
MeJA treatment (3 h-0 h) showed a decreased number of up-regulated genes, which meant
that induction occurred. Interestingly, the up-regulated genes did not increase dramatically
until 12 h after MeJA treatment (12 h-0 h), which might indicate that the effectiveness of
induction reached a high level after 12 h of MeJA treatment.

To identify the genes that were differentially expressed under MeJA, a categorization was
carried out by GO analysis (Fig 8B). By comparing MeJA treatment versus control, the differ-
entially expressed genes abovementioned were functionally assigned to the relevant terms in
three categories (‘Biological Process’, ‘Cellular Component’, and ‘Molecular Function’) of the

A

B Non-transcription factor

22,4%

B Heat shock protein
5,1% W Low quality protein

B Other transcription factor
19, 3%
119, 41%

m Non-transcription factor
7.2% B AP2/ERF

® CRF
79,28%

m Other transcription factor

Fig 6. Number of unigenes that were annotated as response gene to hot stress and ethylene. A) Hot-
responsive genes. B) Ethylene-responsive genes.

doi:10.1371/journal.pone.0143881.g006
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doi:10.1371/journal.pone.0143881.9g007

GO database. The GO terms of ‘Cellular Component’ and ‘Molecular Function’ showed a simi-
larity of distribution of differentially expressed genes in both two comparisons (‘cell’ and ‘cell
part’ in Cellular Component, ‘catalytic activity’ and ‘binding’ in Molecular Function contained
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doi:10.1371/journal.pone.0143881.g009

the largest members). However, the type of differentially expressed genes at 12 h was more
than that in 3 h. It is also worth noting that the number of ‘metabolic process’ and ‘cellular pro-
cess’ at 12 h was more than that at 3 h. These data, overall, suggested that ‘metabolic process’
and ‘cellular process’ were strongly affected, probably because MeJA-induced activities of
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Cressexpress
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Fig 10. Co-expression analysis of known flavonoids biosynthetic genes. Two different co-expression analyses were performed using CressExpress
[23] and a high-resolution root spatio-temporal (HRRS) expression dataset [24]. In each of these PAL2 (AT3G53260), PAL4 (AT3G10340), C4H
(AT2G30490), 4CL1 (AT1G51680), 4CL2 (AT3G21240), 4CL3 (AT1G65060), 4CL5 (AT3G21230), CHS (AT5G13930), CHI (AT3G55120), FNS |
(AT5G08640) and FNS Il (AT5G63580) were used as bait. Candidate genes had to be co-expressed with two or more flavonoids biosynthesis genes in order
to be retained on the co-expressed gene list. 13 genes were found to be co-expressed in all two analyses. Gene identities are given in S5 Table.

doi:10.1371/journal.pone.0143881.9010

signal pathway in plant mainly led to re-programming of metabolism and cell activity. Further-
more, 12 h after treatment is the top-effected point of MeJA in E. breviscapus.

Due to the high medicinal value of flavonoids in E. breviscapus, we mainly focused on the
effect of MeJA to biosynthesis of flavonoids (S3 Table). 30 up-regulated genes and 11 down-
regulated genes (>10 folds) at both 3 and 12 h after MeJA treatment was identified. The results
told that MeJA showed a positive effect on more genes to biosynthesis of flavonoids.

2.7 MeJA-induced changes in the metabolites

Here, we focused on the scutellarin and apigenin 7-O-glucoside, the most important compounds
for its medicinal values. To get the richest relative abundance of precursor ions and product ions,
the best parameters were chosen (S1 Fig). The spectra of full scan product ion of precursor ions
of the two analytes and chromatograms of the standard substance were also listed in S1 Fig The
content of scutellarin performed a 2.1-fold increase approximately in day 1 and 2 after MeJA
treatment. The content of apigenin 7-O-glucoside increased 3.2 fold in day 2 (Fig 9). Integration
of transcripts and metabolites data will be crucial for the study of metabolism in plants, both at
the regulatory and catalytic levels. Result indicated that inductive effect of MeJA on compounds’
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accumulation had an obvious delay. Compared the variation trend of genes’ expression (S2 Fig)
and compounds’ accumulation (Fig 9), the genes showed similar variation trend with compounds
and higher expression level (> 10 fold) may more like strongly catalyze the metabolism of scutel-
larin, such as PAL1, PAL9, C4H2, 4CL29, CHSI10, F3H30, FNS 113, F7GAT1I.

2.8 Co-expression analyses

Here, we predicted more candidates for involvement in the biosynthesis of flavonoids, based
on analyses designed to identify genes co-expressed with known components of the flavonoids
biosynthetic pathway (Fig 10). Of the 13 genes in E. breviscapus and 9 genes in Arabidopsis
thaliana identified by each of two different co-expression software tools, publicly available
datasets and our datasets, 2 were certificated genes to regulate the flavonoids metabolism in A.
thaliana (AT5G48930 and AT5G44110), and others also showed an indirect interaction with
flavonoids metabolism, such as lignin biosynthetic process (AT5G13420), coumarin biosyn-
thetic process (AT4G23850). However the 13 predicted genes in E. breviscapus had no known
role in the biosynthesis of flavonoids (S4 Table).

Materials and Methods
3.1 Plant material

The seeds of E. breviscapus were purchased from Southwest Forestry University (102.75° E,
25.06° N). The plant was grown under normal glasshouse conditions and identified by Profes-
sor Hanming Zhang, who is a famous pharmacognosy researcher in China (School of Phar-
macy, Second Military Medical University, Shanghai, China,).

To elucidate the mechanism of MeJA response, 90-day-old E. breviscapus plants (6 leaves
approximately) in pots were randomly selected and assigned to one of three different groups (2
plants each group): (1) control plants treated with 0.1% acetone, (2) plants treated with MeJA
(1.5 Mm) and harvested at 3 h, (3) plants treated with MeJA (1.5 Mm) and harvested at 12 h.
Me]J A was dissolved in 0.1% acetone for a concentration of 1.5 mM. Different solutions (15
mL) were evenly sprinkled on every leaf of the plants in different groups.

3.2 Total RNA isolation, RNA-seq library construction and sequencing

The leaves from the middle position of the plants were collected from the three groups and
then placed in liquid nitrogen immediately. Total RNAs were extracted using TRIzol+ Reagent
(TianGen) according to the manufacturer’s instruction. An equal quantity of RNA from all
plants was blended for cDNA library construction to obtain the transcriptome data. A normal-
ized cDNA library was constructed with 1 pg of total RNA. The sequencing libraries were gen-
erated using NEBNext Ultra Directional RNA Library Prep Kit for llumina (NEB, USA) with
the manufacturer’s instruction, which were sequenced on an Illumina HiSeq 2000 platform for
paired-end reads. All sequencings were purchased from the Suzhou Genewiz Bio-pharm Tech-
nology Corporation (Jiangsu, China).

3.3 De novo assembly and functional annotation

For high-quality clean data, the raw sequence data was purified by trimming adapter sequences
and removing low-quality sequences. The clean reads were assembled using Trinity software as
described for assembly without a reference genome (http://trinityrnaseq.sourceforge.net). After
assembling, BLASTx alignment (e value < 1.00E-5) of all the unigenes were annotated against
protein databases, including the NCBI non-redundant (Nr) protein database, Gene Ontology
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database (GO), Swiss-Prot protein database, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway database, and the Cluster of Orthologous Groups (COG) database.

3.4 Validation by quantitative real-time PCR

To confirm the gene expression data, 8 unigenes (MYB23, MYB24, AP2/ERF25, AP2/ERF15,
bHLH6, bHLH2, WRKY16 and WRKY28) were randomly chosen from four transcription fac-
tor abovementioned for qRT-PCR analysis (54 Table). For the quantitative RT-PCR of the
mRNAs, 1 ug of total RNA was reversely transcribed by Superscript III Reverse Transcriptase
(Invitrogen, USA). Real-time PCR was performed using SYBR premix Ex Taq (Takara, Japan)
following the manufacturer’s instruction. The PCR amplification was performed under the fol-
lowing conditions: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 53°C for 10 s and 72°C
for 20 s. Three independent biological replicates for each sample and three technical replicates
for each biological replicate were analyzed. All primers used were listed in S5 Table.

3.5 Co-expression analyses

Analyses to identify genes that were co-expressed with known flavonoids biosynthesis genes
were performed using two different tools/datasets; CressExpress and a high-resolution root
spatiotemporal (HRRS) dataset. For each analysis, 11 known flavonoids biosynthesis genes
were used as query baits (S6 Table). CressExpress, a co-expression analysis tool, can rank co-
expressed genes based on their common connections with two or more query genes [26]. Simi-
larly, the HRRS dataset that was analyzed with the graphical representation tool was featured
by Brown et al. to identify candidate genes that were spatially co-expressed with each flavo-
noids biosynthesis gene [27, 28]. The final lists from both the two analyses were compared to
reveal common genes identified.

3.6 Compounds extraction

Plants were dried at 50°C. The dried sample (2.0 mg) was ground into powder and extracted
twice with 70% methanol (1 mL) by sonication for 30 min. The supernatant was diluted with
70% methanol to 2 mL. Before analysis, the extract solution should be filtered through a 0.2 pm
organic membrane.

3.7 Compound analysis

All samples were carried on an Agilent 1200 series HPLC and interfaced to an Agilent 6410 tri-
ple-quadrupole mass spectrometer equipped with an electrospray ionization source (Agilent Cor-
poration, MA, USA). A ZORBAX SB-C18 column (3.5 pm, 2.1x150 mm, 1.D. Agilent
Corporation, MA, USA) and a C18 guard column (5 pm, 4.0x2.0 mm, Agilent Corporation, MA,
USA) was used. Acetonitrile-5 mM ammonium acetate solution (the concentration of acetonitrile
remain 30% in 2.0 min, v/v) was used as mobile phase for the gradient elution at a flow rate of 0.3
ml/min. The column temperature was maintained at 30°C. The injection volume was 10 pL and
the analysis time was 2.0 per sample. The ESI source in negative mode was chosen.

Conclusions

In this study, we used high-throughput sequencing data to reveal transcriptome re-program-
ming of E. breviscapus upon MeJA elicitation. A large number of candidate genes involved in
MeJ A response were identified. Furthermore, using two different co-expression analyses, we
predicted 13 candidate genes involved in flavonoids biosynthesis. This work represents a fully
characterized transcriptome and provides a valuable resource for genetic and genomic studies.

PLOS ONE | DOI:10.1371/journal.pone.0143881 December 14,2015 15/18



@'PLOS ‘ ONE

MeJA-Induced Erigeron breviscapus

In addition, these results will be helpful for further metabolic engineering to increase the con-
tents of the active compounds.

Supporting Information

S1 Fig. A liquid chromatographic-tandem mass spectrometric method for the quantitation
of two compounds involved in scutellarin pathway. A) Optimized MRM parameters for scu-
tellarin and apigenin 7-O-glucoside. B) Mass spectrum, product ion spectrum and MRM chro-
matograms of two compounds.

(EPS)

S2 Fig. Variation tendency of biosynthetic genes in scutellarin pathway.
(EPS)

S1 Table. Summary of the GO, COG and KEGG classifications of assembled unigenes.
(XLSX)

S2 Table. The list of genes of four transcription factor families.
(XLSX)

S3 Table. The effect of MeJA to biosynthesis of flavonoids.
(XLSX)

S$4 Table. The list of co-expression genes in E. breviscapus and A. thaliana.
(XLSX)

S5 Table. Primers used in this experiment.
(DOC)

S6 Table. The list of known flavonoids biosynthesis genes were used as query baits in analy-
ses of co-expression.
(XLSX)

Acknowledgments

The authors greatly appreciated Prof. Han-Ming Zhang for his helpful discussions and review
of this paper.

Author Contributions

Conceived and designed the experiments: LZ JHL. Performed the experiments: RBC FZ XH.
Analyzed the data: HXT RBC QJ YX. Contributed reagents/materials/analysis tools: JEFC RBC
BKH HF WSC. Wrote the paper: RBC LZ. All authors had read and approved the final version
of the manuscript.

References
1. National Pharmacopoeia Committee. Pharmacopoeia of Peoples Republic of China, Part 1. 1sted.
Beijing: Chemical Industry Press; 2010. Appendix. pp. 138, 379, 848.

2. GuoH, HulLM, Wang SX, Wang YL, Shi F, Li H, et al. Neuroprotective effects of scutellarin against hyp-
oxic-ischemic-induced cerebral injury via augmentation of antioxidant defense capacity. Chin J Physiol.
2011; 54(6): 399-405. doi: 10.4077/CJP.2011.AMMO59 PMID: 22229507

3. Zhang PP, Hua HM, Zhang YY, Xin HM, Li ZL, Pei XH. Synthesis and biological activity of scutellarin
derivatives. Journal of Shenyang Pharmaceutical University. 2014; 31(03): 191-196.

PLOS ONE | DOI:10.1371/journal.pone.0143881 December 14,2015 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143881.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143881.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143881.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143881.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143881.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143881.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143881.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143881.s008
http://dx.doi.org/10.4077/CJP.2011.AMM059
http://www.ncbi.nlm.nih.gov/pubmed/22229507

@ PLOS | one

MedJA-Induced Erigeron breviscapus

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

Jiang NH, Zhang GH, Zhang JJ, Shu LP, Zhang W, Long GW, et al. Analysis of the transcriptome of
Erigeron breviscapus uncovers putative scutellarin and chlorogenic acids biosynthetic genes and
genetic markers. PloS One.2014; 9(6): e100357. doi: 10.1371/journal.pone.0100357 PMID: 24956277

Martens S, Mithflfer A. Flavones and flavone synthases. Phytochemistry. 2005; 66: 2399. PMID:
16137727

Heller W and Forkmann G. Biosynthesis of flavonoids. In: Harborne JB, editors. Advances in research
since 1986. London: Chapman and Hall; 1994. pp. 499-535.

Dixon RA and Steel CL. Flavonoids and isoflavonoids-a gold mine for metabolic engineering. Trends in
Plant Sci. 1999; 4: 394-400.

Zhang GH, Li CT, Wang JJ, Zhang W, Chen JW, Yang JW, et al. Cloning and bioinformation analysis of
flavone synthase Il gene of Erigeron breviscapus (Vant.) Hand-Mazz. China Journal of Chinese Materia
Medica. 2013; 38(14): 2231-3336. PMID: 24199545

Liu CX, Wang Y, Cui MK, Yan SQ, Xie QH, Guan HL, et al. Cloning of chalcone isomerase gene and
bioinformation analysis of Erigeron breviscapus (Vant.) Hand-Mazz. Journal of Wuhan Botanical
Research. 2010; 28(6): 682—-690.

LiuT, Mu L, Liang YL, Wang JJ, Yang SC. Relationship between expression of chalcone synthase
gene (CHS) and scutellarin content in Erigeron breviscapus. China Journal of Chinese Materia Medica.
2013; 38(14): 2241-2244. PMID: 24199547

Latunde-Dada AO, Cabello-Hurtado F, Czittrich N, Didierjean L, Schopfer C, Hertkorn N, et al. Flavo-
noid 6-hydroxylase from soybean (Glycine max L.), a novel plant P-450 monooxygenase. J Biol Chem.
2001; 276(3): 1688—-1695. PMID: 11027686

Anzellotti D, Ibrahim RK. Novel flavonol 2-oxoglutarate dependent dioxygenase: affinity purification,
characterization, and kinetic properties. Arch Biochem Biophys. 2000; 382(2): 161-172. PMID:
11068865

Ling Y and Sharyn EP. Plant Transcription Factor. In: Ling Y and Sharyn EP, editors. Preface. UK:
School of Life Sciences University of Hertfordshire Hatfield; 2011. P. V.

Laurent D, Jochen B, Amanda RW, Thilia F, Alain D, Jean-michel M, et al. The transcription factor
VvMYB5b contributes to the regulation of anthocyanin and proanthocyanidin biosynthesis in develop-
ing grape berries. Plant Physiol. 2008; 147(4): 2041-2 053. doi: 10.1104/pp.108.118919 PMID:
18539781

Ramsay NA, Glover BJ. MYB-bHLH-WD40 protein complex and the evolution of cellular diversity.
Trends Plant Sci. 2005; 10(2):63-70. PMID: 15708343

Qiu D, Xiao J, Xie W, Liu H, Li X, Xiong L, et al. Rice gene network inferred from expression profiling of
plants overexpressing OsWRKY 13, a positive regulator of disease resistance. Mol Plant. 2008; 1
(3):538-551. doi: 10.1093/mp/ssn012 PMID: 19825559

Van CM, Kinga D, Henryk J, Dorota N, Renata R, Jacek K, et al. Differential induction of Pisum sativum
defense signaling molecules in response to pea aphid infestation. Plant Sci. 2014; 221: 1—12. doi: 10.
1016/j.plantsci.2014.01.011 PMID: 24656330

Li T, JiaKP, Lian HL, Yang X, Li L, Yang HQ. Jasmonic acid enhancement of anthocyanin accumulation
is dependent on phytochrome A signaling pathway under far-red light in Arabidopsis. Biochem Biophys
Res Commun. 2014; 454(1):78-83. doi: 10.1016/j.bbrc.2014.10.059 PMID: 25450360

Xiao Y, Gao SH, Di P, Chen JF, Chen WS, Zhang L. Methyl jasmonate dramatically enhances the accu-
mulation of phenolic acids in Salvia miltiorrhiza hairy root culture. Physiol Plant. 2009; 137: 1-9. doi:
10.1111/j.1399-3054.2009.01257.x PMID: 19570133

Chen JF, Dong X, Li Q, Zhou X, Gao SH, Chen RB, et al. Biosynthesis of the active compounds of Isatis
indigotica based on transcriptome sequencing and metabolites profiling. BMC Genomics. 2013; doi:
10.1186/1471-2164-14-857

LiH, YaoW, FuY,Li S, Guo Q. De novo assembly and discovery of genes that are involved in drought
tolerance in Tibetan Sophora moorcroftiana. PLoS One. 2015, 10(1): e111054. doi: 10.1371/journal.
pone.0111054 PMID: 25559297

Torales SL, Rivarola M, Pomponio MF, Gonzalez S, Acufia CV, Fernandez P, et al. De novo assembly
and characterization of leaf transcriptome for the development of functional molecular markers of the
extremophile multipurpose tree species Prosopis alba. BMC Genomics. 2013; 14: 705. doi: 10.1186/
1471-2164-14-705 PMID: 24125525

XuY,Gao S, Yang Y, Huang M, Cheng L, Wei Q, et al. Transcriptome sequencing and whole genome
expression profiling of chrysanthemum under dehydration stress. BMC Genomics. 2013; 14: 662. doi:
10.1186/1471-2164-14-662 PMID: 24074255

PLOS ONE | DOI:10.1371/journal.pone.0143881

December 14,2015 17/18


http://dx.doi.org/10.1371/journal.pone.0100357
http://www.ncbi.nlm.nih.gov/pubmed/24956277
http://www.ncbi.nlm.nih.gov/pubmed/16137727
http://www.ncbi.nlm.nih.gov/pubmed/24199545
http://www.ncbi.nlm.nih.gov/pubmed/24199547
http://www.ncbi.nlm.nih.gov/pubmed/11027686
http://www.ncbi.nlm.nih.gov/pubmed/11068865
http://dx.doi.org/10.1104/pp.108.118919
http://www.ncbi.nlm.nih.gov/pubmed/18539781
http://www.ncbi.nlm.nih.gov/pubmed/15708343
http://dx.doi.org/10.1093/mp/ssn012
http://www.ncbi.nlm.nih.gov/pubmed/19825559
http://dx.doi.org/10.1016/j.plantsci.2014.01.011
http://dx.doi.org/10.1016/j.plantsci.2014.01.011
http://www.ncbi.nlm.nih.gov/pubmed/24656330
http://dx.doi.org/10.1016/j.bbrc.2014.10.059
http://www.ncbi.nlm.nih.gov/pubmed/25450360
http://dx.doi.org/10.1111/j.1399-3054.2009.01257.x
http://www.ncbi.nlm.nih.gov/pubmed/19570133
http://dx.doi.org/10.1186/1471-2164-14-857
http://dx.doi.org/10.1371/journal.pone.0111054
http://dx.doi.org/10.1371/journal.pone.0111054
http://www.ncbi.nlm.nih.gov/pubmed/25559297
http://dx.doi.org/10.1186/1471-2164-14-705
http://dx.doi.org/10.1186/1471-2164-14-705
http://www.ncbi.nlm.nih.gov/pubmed/24125525
http://dx.doi.org/10.1186/1471-2164-14-662
http://www.ncbi.nlm.nih.gov/pubmed/24074255

@ PLOS | one

MedJA-Induced Erigeron breviscapus

24.

25.

26.

27.

28.

Baloglu MC, Inal B, Kavas M, Unver T. Diverse expression pattern of wheat transcription factors against
abiotic stresses in wheat species. Gene. 2014; 550(1):117—-122. doi: 10.1016/j.gene.2014.08.025
PMID: 25130909

Huie L, Weijie Y, Yaru F, Shaoke L, Qigiang G. De Novo Assembly and Discovery of Genes That Are
Involved in Drought Tolerance in Tibetan Sophora moorcroftiana. PLoS One. 2015; 10(1): e111054.
doi: 10.1371/journal.pone.0111054 PMID: 25559297

Srinivasasainagendra V, Page GP, Mehta T, Coulibaly |, Loraine AE. A tool for large-scale mining of
expression data from Arabidopsis. Plant Physiol. 2008; 147(3): 1004—1016. doi: 10.1104/pp.107.
115535 PMID: 18467456

Brady SM, Orlando DA, Lee JY, Wang JY, Koch J, Dinneny JR, et al. A high-resolution root spatiotem-
poral map reveals dominant expression patterns. Science. 2007; 318: 801-806. PMID: 17975066

Brown DM1, Zeef LA, Ellis J, Goodacre R, Turner SR. Identification of novel genes in Arabidopsis
involved in secondary cell wall formation using expression profiling and reverse genetics. Plant Cell.
2005; 17(8): 2281-2295. PMID: 15980264

PLOS ONE | DOI:10.1371/journal.pone.0143881

December 14,2015 18/18


http://dx.doi.org/10.1016/j.gene.2014.08.025
http://www.ncbi.nlm.nih.gov/pubmed/25130909
http://dx.doi.org/10.1371/journal.pone.0111054
http://www.ncbi.nlm.nih.gov/pubmed/25559297
http://dx.doi.org/10.1104/pp.107.115535
http://dx.doi.org/10.1104/pp.107.115535
http://www.ncbi.nlm.nih.gov/pubmed/18467456
http://www.ncbi.nlm.nih.gov/pubmed/17975066
http://www.ncbi.nlm.nih.gov/pubmed/15980264

