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Abstract The phytohormone methyl jasmonate (MeJA)
has been successfully used as an effective elicitor to
enhance production of stilbenoid which is induced in plants
as a secondary metabolite possibly in defense against her-
bivores and pathogens. However, the mechanism of MeJA-
mediated stilbenoid biosynthesis remains unclear. Genomic
information for Polygonum multiflorum Thunb. (P. multi-
florum) is currently unavailable. To obtain insight into the
global regulation mechanism of MeJA in the steady state of
stilbene glucoside production (26 h after MeJA elicitation),
especially on stilbene glucoside biosynthesis, we sequenced
the transcriptomes of MeJA-treated and untreated P. mul-
tiflorum roots and obtained more than 51 million clean
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reads, from which 79,565 unigenes were obtained by de
novo assembly. 56,972 unigenes were annotated against
databases including Nr, Nt, Swiss-Prot, KEGG and COG.
18,677 genes expressed differentially between untreated
and treated roots. Expression level analysis indicated that a
large number of genes were associated with plant—pathogen
interaction, plant hormone signal transduction, stilbenoid
backbone biosynthesis, and phenylpropanoid biosynthe-
sis. 15 known genes involved in the biosynthesis of stilbe-
noid backbone were found with 7 genes showing increased
transcript abundance following elicitation of MeJA. The
significantly up (down)-regulated changes of 70 genes in
stilbenoid biosynthesis were validated by qRT-PCR assays
and PCR product sequencing. According to the expression
changes and the previously proposed enzyme functions,
multiple candidates for the unknown steps in stilbene gluco-
side biosynthesis were identified. We also found some genes
putatively involved in the transcription factors. This com-
prehensive description of gene expression information could
greatly facilitate our understanding of the molecular mecha-
nisms of MeJA-mediated stilbenoid biosynthesis in P. mul-
tiflorum roots. Our results shed new light on the global regu-
lation mechanism by which MeJA regulates the physiology
of P. multiflorum roots and is helpful to understand how
MelA elicits other plant species besides P. multiflorum.

Keywords Polygonum multiflorum thunb. -
Transcriptional profile - Methyl jasmonate - Real-time
fluorescence quantitative PCR

Introduction

The traditional Chinese herb, P. multiflorum, has been
used in the preparation of herbal medicines in oriental
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countries such as China, Japan and Korea for thousands of
years because of its pharmacological functions (Jung et al.
2011; Luo et al. 2011). P. multiflorum can produce a num-
ber of chemicals with pharmaceutical properties (Han et al.
2009). Among them, stilbene glucoside was reported to be
a very promising antioxidation, purgation, tonic and antiag-
ing agent and now is commercially used as a hair-darken-
ing agent and as a potent kidney tonic (Wu et al. 2012).
Stilbene glucoside was mainly extracted from the root of P.
multiflorum but yields are low; approximately 1.5 % of the
dry root weight (Jung et al. 2011). With growing demand
for the stilbene glucoside for medical and commercial use,
harvesting from root cannot meet the demand and also
raises serious ecological concerns.

Great efforts have been taken to increase the produc-
tion of stilbene glucoside using biotransformation (Yan
et al. 2007) and micropropagation (Lin et al. 2003) which
currently suffers from low yields. Some compounds are
known to stimulate the production of stilbenoid when
added to the medium. Among them, MeJA has been found
to significantly elicit the production of stilbenoid in the
cultured cells of grapevine (Jeandet et al. 2002; Vannozzi
et al. 2012; Vezzulli et al. 2007). However, the detailed
biological mechanism of MeJA stimulation of stilbenoid
production and concomitant transcriptome changes associ-
ated with response to MeJA remain poorly understood. A
detailed knowledge of the biosynthesis of stilbene gluco-
side and its regulation by MeJA is required before directed
bioengineering.

Next-generation sequencing technologies have been
proved to be rapid and cost-effective means to analyze the
genome and transcriptome in non-model species. Improve-
ment in de novo assembly of high-throughput sequencing
data and relative accurate estimation of gene expression
levels makes this approach also powerful in quantifying
gene expression (Sun et al. 2013).

To get a comprehensive understanding of the global
regulation mechanism of MeJA on stilbene glucoside bio-
synthesis in steady state of stilbene glucoside production,
we sequenced the transcriptomes of P. multiflorum roots at
26 h without or with the elicitation of MeJA when the stil-
bene glucoside accumulation is observed. Comparing the
gene expression profiles of these two samples revealed that
7 out of 15 known genes in stilbenoid backbone biosyn-
thesis had higher transcript levels by addition of MeJA. In
addition to the increased transcript abundance of homolo-
gous recombination and mRNA surveillance pathway, we
found decreased transcript levels of genes involved in spli-
ceosome, RNA transport, pentose and glucuronate intercon-
versions, etc., which provides insights into the mechanism
by which MeJA inhibits cell growth while significantly
inducing the production of stilbene glucoside.
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Materials and methods

Plant material and root-irrigating treatment by MeJA
solution on plantlets

Plants of cultivated P. multiflorum were propagated from
vine cuttings in the greenhouse. They were grown in con-
trolled conditions at 25/20 °C day/night, with 75 % relative
humidity and a 16-h photoperiod (350 wmol/m?/s). Water-
ing once every 3 days with Hoagland’s nutrient solution
(Mahmoudi et al. 2012). Forty-five-day-old plants with five
to seven leaves were used for MeJA solution root-irrigation
experiments.

The final concentration of MeJA solution with wet-
ting agent Triton X-100 at 0.1 % (v/v) was 0.25 mM. Five
hundred milliliters of this solution were added to a 10-1
flowerpot containing 4 kg vermiculite and expanded per-
lite (m/m = 1:1) and two P. multiflorum plantlets. Control
plantlets were irrigated with the Triton solution at 0.1 %.
Mixing root samples with 30 plants in triplicate were col-
lected at 26 h after treatment, immediately frozen in liquid
nitrogen and stored at —80 °C until RNA extraction. All
chemicals were purchased from Sigma Corporation (http://
www.sigmaaldrich.com/china-mainland.html) unless other-
wise stated.

Total RNA isolation, cDNA library construction
and sequencing

Total RNA was extracted following the protocol of the
E.Z.N.A.™ Plant RNA Kit (http://omegabiotek.com/index.
php). The quality and quantity of total RNA were analyzed
using a Thermo Scientific Multiskan GO (Thermo Scien-
tific Multiskan GO, www.thermoscientific.com), gel elec-
trophoresis, and Agilent G2939A (Agilent RNA 6000 Nano
Kit). Equal quantities of high-quality RNA from each sam-
ple were pooled for cDNA synthesis.

The mRNA-seq library was constructed using an
mRNA-seq Sample Preparation Kit (Illumina Inc., Sand-
iego, CA, USA) following the manufacturer’s instruction.
The poly-(A) mRNA was isolated from the total RNA sam-
ples with poly-T oligo-attached magnetic beads. An RNA
Fragmentation Kit (Ambion, Austin, TX, USA) was used
to cleave the mRNA into short fragments, which were then
used as templates to reverse-transcribe first strand using
random hexamer primers and reverse transcriptase (http://
www.takara-bio.com) (Takara). Second-strand cDNA was
synthesized in a reaction containing buffer, ANTPs, RNase
H and DNA polymerase I (Takara). A paired-end library
was synthesized using the Genomic Sample Preparation
Kit (Illumina) according to the manufacturer’s instruc-
tions. Short fragments were purified with the MinElute
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PCR Purification Kit (QIAGEN, Dusseldorf, Germany) and
eluted in 10 pL of EB buffer (QIAGEN). The short frag-
ments were connected with sequencing adaptors, and the
desired fragments (200 £ 25 bp) were separated by aga-
rose gel electrophoresis and purified with a Gel Extraction
Kit (Axygen Biosciences, Central Avenue Union City, CA,
USA). Finally, the paired-end sequencing library was con-
structed by PCR amplification (15 cycles) and sequenced
using the Illumina Solexa Genome Analyzer IIx sequenc-
ing platform. Data analysis and base calling were per-
formed using Illumina instrument software (supplementary
data Fig. S1).

Sequence data analysis, assembly, and annotation

All raw reads were cleaned by removing adapter sequences,
low-quality sequences with ambiguous bases “N”, and
reads with more than 10 % Q <20 bases. The qualified
reads were extended into contigs with Trinity software
through the overlap between the sequences. Then the con-
tigs were connected into transcript sequences, according
to paired-end information of the sequences, which recov-
ers full-length transcripts across a broad range of expres-
sion levels, with sensitivity similar to methods that rely on
genome alignments (Li et al. 2010; Grabherr et al. 2011).
The overlap settings used for this assembly were 31 bp and
80 % similarity, group pairs distance was set to 500 (maxi-
mum length expected between fragment pair), with all the
other parameters set to their default values. We selected the
longest transcriptions from the potential assembled compo-
nent alternative splicing transcripts as unigene sequences
of our samples. We quantified transcript levels in reads per
kilobase of exon mode per million mapped reads (RPKM)
(Mortazavi et al. 2008). The RPKM measure of read den-
sity reflects the molar concentration of a transcript in the
starting sample by normalizing for RNA length and for the
total read number in the measurement. Genes with high
expression levels were screened and listed (supplementary
data Fig. S2).

The optimal assembly results were chosen according to
the assembly evaluation. Then, clustering analysis was per-
formed to achieve a unigene database which comprised the
potential alternative splicing transcripts.

The assembled sequences were compared against the
NCBI Nr, Nt, and Swiss-Prot databases using BLASTn
(version 2.2.14) with an E value of 107>. Gene names
were assigned to each assembled sequence based on the
highest scoring BLAST hit. Searches were limited to the
first 10 significant hits for each query to increase compu-
tational speed. Open reading frames (ORF) were predicted
using the “getorf™ program of EMBOSS software pack-
age (Rice et al. 2000), with the longest ORF extracted for
each unigene. To annotate the assembled sequences with

gene ontology (GO) terms describing biological processes,
molecular functions, and cellular components, the Swiss-
Prot BLAST results were imported into Blast2GO to obtain
the GO annotations of the unigenes (Conesa et al. 2005,
2008). The obtained annotation was enriched and refined
using ANNEX (Myhre et al. 2006; Ye et al. 2006). The uni-
gene sequences were also aligned to the Clusters of Orthol-
ogous Group (COG) database to predict and classify func-
tions (Tatusov et al. 2000). Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways were assigned to the
assembled sequences using the online KEGG Automatic
Annotation Server (http://www.genome.jp/kegg/kaas/). The
bi-directional best hit method was used to obtain KEGG
Orthology assignment (Moriya et al. 2007) (supplementary
data Fig. S3).

If results of different databases conflict with each other,
a priority order of Nr, Nt, Swiss-Prot, KEGG and COG
should be followed when deciding sequence direction of
unigenes. When a unigene happens to be unaligned to none
of the above databases, a software named ESTScan (Iseli
et al. 1999) will be introduced to decide its sequence direc-
tion. For unigenes with sequence directions, we provide
their sequences from 5’ end to 3’ end; for those without
any direction, we provide their sequences from assembly
software.

Unigene expression difference analysis

This analysis aims to predict genes with different expres-
sion levels, and then carry out GO functional analysis and
KEGG pathway analysis on them. Expression Annotation:
The calculation of unigene expression uses FPKM method
(Mortazavi et al. 2008). Identification of differentially
expressed genes (DEGs): Referring to “The significance of
digital gene expression profiles” (Audic and Claverie 1997,
Benjamini et al. 2001) which has been cited hundreds of
times, we have developed a rigorous algorithm to identify
differentially expressed genes between two samples.

Real-time PCR and PCR products sequencing
validation

To validate RNA-seq gene expression results, quantitative
Real-Time PCR (qQRT-PCR) was run using SYBR® Premix
Ex Tag™ 1I (Perfect Real Time) (http://www.takara-bio.
com) and real-time PCR thermal cycler (qTower 2.2, analy-
tikjena, Germany, www.analytik-jena.com) using the same
cDNA samples used in the RNA-seq experiment. A first-
strand cDNA fragment was synthesized from total RNAs
using the Takara PrimerScript™ RT Reagent Kit with
gDNA eraser (Perfect Real Time) (http://www.takara-bio.
com). Gene-specific primers were designed for target tran-
script sequences and UBQI4, UBQ4-1 and SAMS DNA
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Table 1 The statistics of RNA-

dat Samples  Total raw reads Total clean reads Total clean nucleotides (nt) Q20% N % GC %
seq data
Control 58,233,066 51,569,864 4641,287,760 9746 % 0.00 % 48.97 %
Treatment 61,114,668 53,924,012 4853,161,080 97.33% 0.00 % 49.86 %

Table 2 Statistical comparison of contigs and unigenes between non-elicited and elicited P. multiflorum roots

Gene type Sample

Total number Total length (nt) Mean length (nt) N50

Total consensus Distinct clusters Distinct singletons

sequences

Contig Control 135,230 48,184,343 356 651 - - -
Treatment 117,736 41,211,915 350 610 - - -

Unigene  Control 89,440 57,785,503 646 1024 89,440 31,545 57,895
Treatment 78,409 47,285,726 603 929 78,409 25,690 52,719
All 79,565 62,762,185 789 1187 79,565 33,718 45,847

sequence as internal controls (supplementary data Table
S1, S2, S3). The comparative threshold cycle method was
used to calculate the relative gene expression (Livak and
Schmittgen 2001). Each real-time PCR was carried out
three times. PCR products of 13 target transcript sequences
were sequencing for comparing sequence similarity with
RNA-seq data.

Results

Illumina sequencing and de novo assembly of sequence
reads in P. multiflorum

Illumina high-throughput second-generation sequencing
was carried out to obtain the transcriptomes of P. multiflo-
rum roots under non-elicited and elicited conditions. The
sequencing produced 58,233,066 and 61,114,668 raw reads
from the non-elicited and elicited sample transcriptomes,
respectively. After removing the adaptor sequences, empty
reads and low-quality sequences (reads with more than
10 % Q20 bases), we obtained respectively high-quality
reads from the two transcriptomes shown in Table 1. From
the non-elicited sample, a total of 135,230 contigs with
length not less than 200 nt were generated; the N50 size
and the mean size are 651 and 356 nt, respectively. Table 2
and supplementary data Fig. S4 show the length distribu-
tion of contigs ranging from 200 nt to more than 3000 nt.
From the elicited sample, 117,736 contigs have the N50
size of 610 nt and the mean size of 350 nt. Although most
contigs were between 200 and 400 bp, 17.08 % nucleo-
tides of control (23,097 contigs) and 16.88 % nucleotides
of treatment (19,869 contigs) were greater than 500 bp in
length (supplementary data Fig. S5).

The contigs further assembled with paired-end joining
and gap filling to produce 89,440 unigenes with an N50 of
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1024 bp (18,020 of which larger than 1000 bp) for control;
78,409 unigenes with an N50 of 929 bp (13,944 of which
larger than 1000 bp) for treatment and total 79,565 uni-
genes with an N50 of 1187 bp (21,318 of which larger than
1000 bp) for two samples (Table 2; supplementary data
Fig. S6). These results indicate that the assembly and con-
tig joining succeeded in processing a large amount of short
reads from P. multiflorum root samples with relatively little
redundancy.

Among the 79,565 assembled unigenes, 48,626 unigenes
were >500 bp and 24,190 were >1000 bp, with a mean
unigenes length of 789 bp and N50 of 1187 bp (supplemen-
tary data Fig. S6). We analyzed the ratio of the gap’s length
to the length of assembled unigenes. The results revealed
that the majority of the unigenes, which accounted for
90.0 % of total unigenes, showed gap lengths that were less
than 2.5 % of the total length, suggesting that our sequence
data was highly suitable for further analysis.

Functional annotation of predicted proteins

Annotation analysis provides information of gene expres-
sion and functional annotation of all unigenes in each sam-
ple. Functional annotation consists of protein functional
annotation, pathway annotation, COG functional annotation
and GO functional annotation. Unigenes were annotated
with the databases of Nr, Nt, Swiss-Prot, KEGG, COG
and GO. Then counted the number of unigenes annotated
with each database. The result is summarized in Table 3.
To gain a preliminary insight into the functions of the uni-
genes obtained, functional annotation of the P. multiflo-
rum transcriptome sequences was first performed against
GenBank Nr using E value 107> as a cutoff value. Due to
the lack of relevant species genome information in NCBI
data base and the relatively short length of distinct gene
sequences, only 55,031 out of 79,565 unigenes (69.16 %)
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Fig. 1 Functional annotation of assembled unigenes based on gene ontology (GO) categorization

were detected to have homologs. We found 25 and 29 uni-
genes with the relatively high abundance of more than 1000
transcripts per million (relative abundance) in the non-
elicited and elicited samples, respectively (supplementary
data Table S4), among which hypothetical protein MTR
(hypothetical protein MTR_5g051130 [Medicago trunca-
tula]) and VITISV (hypothetical protein VITISV_043424
[Vitis vinifera]), major latex protein homolog and lectin
were highly expressed in both datasets. Compared with the
non-elicited sample, the elicited sample contains unigenes
encoding endo-1,3-1,4-beta-d-glucanase, LEA (Desicca-
tion protectant protein Leal4 homolog [Glycine max]),
harpin-induced protein, mitochondrial protein, type III
polyketide synthase 3, nucleic acid-binding protein, tumor-
related protein, polygalacturonase-inhibiting protein, etc.
These genes expressed abundantly after elicited by MeJA.
Interestingly, we note multiple unigenes with unknown
annotation, which would be intriguing to investigate what
functions these unigenes perform, given the high levels that
these genes possess.

After obtaining putative gene functions assigned by
homology searches, we predicted the biological processes,
cellular components and molecular functions that the pro-
teins belong to, by association with GO information using
the obtained annotation from GenBank Nr database. The

results showed that most proteins encoded by these uni-
genes take part in the biological processes including cel-
lular process, metabolic process, response to stimulus
and biological regulation. As for the cellular component
domain, a majority of products of unigenes involved in cell,
cell part, organelle and membrane. For the molecular func-
tion domains, genes involved in binding and catalytic activ-
ity are dominant (Fig. 1).

To facilitate the functional classification of the uni-
genes, we employed their homologs’ functional classifi-
cation information in COG database, which emphasizes a
classification of genes in an evolutionary view using com-
plete genome sequences. All of the 79,565 unigenes were
aligned to the COGs database to predict and classify pos-
sible functions. According to COG database, 20,701 uni-
genes were classified into 25 different functional classes,
which were represented by A to Z. Compared with the non-
elicited samples, the elicited samples showed more uni-
genes in general function prediction only (R), transcription
(K) and replication, recombination and repair (L), but less
expressed genes in extracellular structure (W) and nuclear
structure (Y) (Fig. 2).

To understand the metabolism pathways in non-elicited
and elicited P. multiflorum root samples, we performed
BLASTX search against KEGG database to map the
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Fig. 2 Clusters of orthologous groups (COG) classification of uni-
genes in non-elicited and elicited samples. A RNA processing and
modification, B chromatin structure and dynamics, C energy produc-
tion and conversion, D cell cycle control, cell division, chromosome
partitioning, £ amino acid transport and metabolism, F' nucleotide
transport and metabolism, G carbohydrate transport and metabolism,
H coenzyme transport and metabolism, / lipid transport and metabo-
lism, J translation, ribosomal structure and biogenesis, K transcrip-

unigenes to canonical pathways. A total of 32,790 uni-
genes in the two datasets refer to 125 KEGG pathways.
Compared with the non-elicited samples, the elicited sam-
ples have slightly more unigenes in the pathways including
metabolic pathway (24.61 %), biosynthesis of secondary
metabolites (10.85 %), plant—pathogen interaction (6.07 %)
and plant hormone signal transduction (supplementary data
Table S5). The annotations of these unigenes showed a sig-
nificant transcriptional complexity and provided valuable
gene expression information in the transcriptome of P. mul-
tiflorum roots.

DEG analysis elicited by MeJA

A total of 18,677 genes were shown to be differentially
expressed in response to MeJA elicitation. Compared with
the control, the expression levels of 4535 DEGs were up-
regulated and 14,142 DEGs down-regulated in MeJA-
treated P. multiflorum roots. Examining the ten most
up-regulated and the ten most down-regulated genes, five
of the up-regulated genes have defined functions, includ-
ing “actin and related proteins” [log2 (FC) = 15.4125],
“Ca’**-binding protein (EF-Hand superfamily)” [log2
(FC) = 14.5471] and “FOF1-type ATP synthase, subunit a”
[log2 (FC) = 13.9881]; and six down-regulated genes have
defined functions, such as “Glutaredoxin and related pro-
teins” [log2 (FC) = —12.7662], “Secreted trypsin-like ser-
ine protease” [log2 (FC) = —13.4580] and “DNA-directed
RNA polymerase, beta’ subunit/160 kD subunit” [log2
(FC) = —12.9418].

GO classification analysis of 18,677 DEGs showed that
a large number of DEGs were dominant in seven terms,
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tion, L replication, recombination and repair, M cell wall/membrane/
envelope biogenesis, N cell motility, O posttranslational modification,
protein turnover, chaperones, P inorganic ion transport and metabo-
lism, Q secondary metabolism biosynthesis, transport and catabolism,
R general function prediction only, S function unknown, 7 signal
transduction mechanisms, U intracellular trafficking, secretion, and
vesicular transport, V defense mechanisms, W extracellular structures,
Y nuclear structure, Z cytoskeleton

e.g., “cell part” and “cell” (Fig. 3). All DEGs were then
mapped in the KEGG database to search for genes involved
in “metabolic pathways” or “Biosynthesis of secondary
metabolites”. Control and treatment samples were analyzed
by KEGG, we found that the “plant—pathogen interaction”,
“plant hormone signal transduction” and “endocytosis” had
the most significant changes. 8936 DEGs were annotated
by KEGG, and this annotation revealed significant enrich-
ment for genes found in metabolic pathways (2441 DEGs,
27.32 %), biosynthesis of secondary metabolites (1079
DEGs, 12.07 %), and Ribosome (644 DEGs, 7.21 %). Only
5 genes were annotated in lipoic acid metabolism path-
way with 2 DEGs, whose quantity was the least in the 125
metabolic pathways of P. multiflorum root after induced by
MeJA, followed by Cs-branched dibasic acid metabolism
(total 14, 7 DEGs), sulfur relay system (total 19, 4 DEGs),
anthocyanin biosynthesis (total 17, 7 DEGs), glycosphin-
golipid biosynthesis-globo series (total 24, 4 DEGs), pho-
tosynthesis-antenna proteins (total 24, 5 DEGs) and indole
alkaloid biosynthesis (total 24, 8 DEGs) (supplementary
data Table S5). These results indicate that these metabolic
pathways might be insensitive to MeJA. This annotation of
genes differentially induced by MeJA will provide a valu-
able resource for investigating specific processes, functions
and pathways responding to MeJA in P. multiflorum roots.

Comparison of the expression levels of genes
between non-elicited and elicited P. multiflorum roots

To investigate the response of elicitation with MeJA in P.
multiflorum roots, the expression levels of each unigene in the
two samples were estimated by using RSEM software, which
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Fig. 3 Histogram presentation of clusters of orthologous groups (COG) classification of unigenes in control vs treatment

can quantify transcript abundance from RNA-seq data with-
out a reference genome (Li and Dewey 2011), and then per-
formed statistical analysis implemented in EdgeR (Robinson
et al. 2010) using the mapped read numbers for each unigene
calculated by RSEM. About 31.11 % unigenes (8105) includ-
ing 2293 up-regulated and 5812 down-regulated showed at
least twofold changes (adjusted p value <0.05). We found
2249 unigenes with no less than fourfold changes including
753 up-regulated and 1496 down-regulated (adjusted p value
<0.05), which are from 37 pathways. Unigenes with the
greatest down-regulated change (12.9418 fold) involved in
more than one pathway, such as RNA polymerase, metabolic
pathway, purine metabolism and pyrimidine metabolism;
however, unigenes with the greatest up-regulated change
(15.4125 fold) only involved in phagosome.

We investigated the expression changes of genes in the
view of pathways mentioned above by calculating the genes
with fourfold changes. Among the 37 pathways, six showed
increased transcript abundance, 15 of them displayed
decreased transcript abundance, and other pathways had
unigenes with both increased and decreased in transcript
abundance. Pathways that showed increased transcript
abundance with at least two unigenes included homologous
recombination and mRNA surveillance pathway. Interest-
ingly, ten pathways, namely ribosome, metabolic path-
way, ether lipid metabolism, plant—pathogen interaction,
phagosome, plant hormone signal transduction, spliceo-
some, RNA transport, flavonoid biosynthesis, pentose and

glucuronate interconversions, had at least 10 unigenes with
distinct changes and all but one had increased transcript
abundance. Pathways which possessed decreased tran-
script abundance included for example circadian rhythm-
plant, phenylpropanoid biosynthesis, carotenoid biosyn-
thesis, alpha-linolenic acid metabolism, etc. In addition, all
the unigenes in the pathways of regulation of autophagy,
ubiquitin-mediated proteolysis, glucosinolate biosynthesis,
nitrogen metabolism, sphingolipid metabolism had lower
transcript abundance (supplementary data Table S5).

MeJA-responsive transcription factors in P. multiflorum
roots

Transcription factors (TFs) regulate the spatio-tempo-
ral expression of responsive genes to abiotic and biotic
stresses in the defense mechanisms of plants (Yanagisawa
1998; Riechmann et al. 2000). Our sequence data showed
that 1207 unigenes were annotated to encode putative TFs,
including 113 up-regulated and 327 down-regulated genes.
These 440 unigenes differentially expressed in response to
MelJA elicitation were largely represented by the TF fami-
lies regulating stress responses and secondary metabolism in
plants, e.g., ERF superfamily (93 members), WRKY super-
family (75 members), bHLH (66 members), AP2 superfam-
ily (56 members), MYB superfamily (46 members). The
ten most differentially up-regulated unigenes encoding TFs
were EFR109, MYB48, WRKY 41, bHLH118, bHLH35,
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Fig. 4 Plant—pathogen interaction elicited by MeJA in P. multiflorum roots

AP2/ERF and B3 domain-containing RAV1, GATAS,
WRKY 40, EFR095 and MYB39, whose “OS (original spe-
cies)” are all Arabidopsis thaliana; and the ten most signifi-
cantly down-regulated unigenes encoding TFs were WRKY
23, PosF21, AIL6, GATA21, B3 domain-containing VRN,
GATA12, bHLH128, GATA9 and BEEI, whose “OS” are
all Arabidopsis thaliana except for MYB1R1 whose “OS”
is Solanum tuberosum. Abundant unigenes encoding puta-
tive TFs responding to MeJA elicitation showed that tran-
scription regulation may relate to MeJA-mediated response
network in P. multiflorum roots.

The MeJA-responsive activity in plant-pathogen
interaction pathway

MeJA has been applied to induce defensive responses

equivalent to insect or pathogen attacks. Exogenous MeJA
has been successfully used to enhance plant resistance

@ Springer

against several insects and pathogens (Gaige et al. 2010;
Ku et al. 2014; Moreira et al. 2009). Our RNA-seq data
showed that 1990 unigenes, including 627 DEGs with 232
up-regulated and 395 down-regulated, were annotated as
having roles in the plant—pathogen interaction (supplemen-
tary data Table S5). Genes coding for disease-resistance
protein RPM1, disease-resistance protein RPS2, disease-
resistance protein RPSS5, and pathogenesis-related protein
1 were heavily represented in the “plant—pathogen interac-
tion” pathway (Fig. 4). The effect of MeJA on the induction
of these biotic/abiotic stress associated genes suggests that
they can be exploited to improve plant resistance to patho-
gens and pests.

MeJA affects plant hormone signal transduction

MeJA can induce jasmonate (JA) biosynthesis and steer the
JA signaling pathway to activate several defense mechanisms
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Fig. 5 “Phenylpropanoid biosynthesis” induced by MeJA in P. multiflorum roots

and hormone biosynthesis in plant cells (Santino et al. 2013;
Wasternack and Hause 2013). Our RNA-seq data showed
that 1746 unigenes, including 621 DEGs, were annotated as
having roles in “plant hormone signal transduction” pathway,
and what is more, the unigene quantity in the “plant hormone
signal transduction” is the fourth in all 125 metabolic path-
ways, second only to metabolic pathways (8071 unigenes,
2441 DEGs), biosynthesis of secondary metabolites (3557
unigenes, 1079 DEGs) and plant—pathogen interaction (1990
unigenes, 627 DEGs) (supplementary data Table S5). So
many unigenes in the “plant hormone signal transduction”
pathway expressed differentially under MeJA elicitation
showed that these unigenes may have certain relationship
with MeJA. What is more, the results of expressing differen-
tially of these unigenes are definitely worth exploring.

MeJA affects phenylpropanoid biosynthesis and genes
in the main chain of stilbenoid backbone biosynthesis

The annotation of P. multiflorum root RNA-seq data
showed that 622 unigenes, including 216 DEGs, were
involved in the biosynthesis of phenylpropanoids (supple-
mentary data Table S5). These compounds are used in plant
defense to create physical and chemical barriers against
infection, and as molecules involved in the local and sys-
temic signaling of defense gene induction (Dixon et al.
2002). Unigenes related to key enzymes in the phenylpro-
panoid metabolism pathway (Weisshaar and Jenkins 1998)
were differential expressed in non-elicited and elicited P.

multiflorum roots, such as trans-cinnamate 4-monooxyge-
nase (C,H), 4-coumarate-CoA ligase (4CL), cinnamoyl-
CoA reductase (CCR), cinnamyl-alcohol dehydrogenase,
peroxidase, chalcone synthase (CHS), and polyketide
reductase (PKR) (Figs. 5, 6). These results suggest that the
effect of MeJA on defense responses, hormone biosynthe-
sis and phenylpropanoid biosynthesis identified in other
plant species (Jeandet et al. 2002; Vezzulli et al. 2007) is
also found in P. multiflorum roots.

Plant stilbenoids are a small group of phenylpropanoids,
which have been detected in at least 72 unrelated plant
species and accumulate in response to biotic and abiotic
stresses such as infection, wounding, UV-C exposure and
treatment with chemicals. Stilbenoids are formed via the
phenylalanine/polymalonate-route, the last step of which is
catalyzed by the enzyme stilbene synthase (STS), a type III
polyketide synthase (PKS) (Jeandet et al. 2002; Vannozzi
et al. 2012). Stilbenoids are the most abundant and struc-
turally diverse group of plant secondary metabolites and
derived from the universal precursor p-coumarate (Han-
hineva et al. 2009). Because the stilbenoid backbone bio-
synthesis pathway is incomplete in the KEGG database, to
find the genes responsible for the biosynthesis of stilbenoid
backbone, we manually identified all genes involved in this
pathway by reciprocal BLAST search against the transcrip-
tome using previous reported enzymes as queries (Fig. 6).
Fifteen unigenes which corresponding to phenylalanine
ammonia-lyase (PAL), C,H, 4CL, STS were obtained by
manual BLAST search. The four key enzymes, especially
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C,H, 4CL and STS, could regulate the flux of stilbenoid
backbone biosynthesis (Bavaresco et al. 2012). The largest
increase in transcript abundance observed in this pathway
was STS (3.4324- and 3.7158-fold), C,H (2.8402-fold).
Two unique sequences of 4CL show similar transcript
abundance changes, 1.5875 and 1.4674 times, respec-
tively. Unigenes of PAL showed no differential expression
between the elicited and non-elicited samples.

Validation of DEGs with qRT-PCR analysis and PCR
product sequencing

To validate the RNA-seq gene expression results, we ran-
domly selected 70 representative genes encoding 7 groups
of enzyme types and designed specific primers for qRT-
PCR. Consistent with RNA-seq analysis, the relative expres-
sion pattern of 70 genes was identified as being significantly
up-regulated or down-regulated in the MeJA-elicited sam-
ples as compared to the non-elicited samples (supplemen-
tary data Table S6). Furthermore, PCR products of 13 ran-
domly selected representative genes were sequenced, and
the sequences of which were found to be consistent with the
RNA-Seq data (supplementary data Table S7). These results
further supported that the RNA-seq data are reliable.

Discussion

MelJA regulates a diverse set of physiological and develop-
mental processes, and addition of MeJA can significantly
induce the production of secondary metabolites such as terpe-
noids, phenylpropanoids, and alkaloids (Pauwels et al. 2008).
Our experimental data showed that 0.20 mM MeJA solution
could significantly increase stilbene glucoside production in P.
multiflorum (supplementary data Fig.S7). Furthermore, some
mechanisms of the MeJA-elicited biosynthesis of secondary
metabolites have been elucidated in some plant species includ-
ing Catharanthus roseus and tobacco (Verma et al. 2014).
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It was found that P. multiflorum roots at 26 h after MeJA
elicitation were characterized by mRNA levels and genes
involved in stilbenoid synthesis were found, which was con-
sistent with the results reported in Vitis vinifera cell, Vitis
vinifera cv. Barber cell and cultivated grapevine under MeJA
treatment conditions (Belhadj et al. 2006; Krisa et al. 1999;
Tassoni et al. 2005; Vezzulli et al. 2007). According to RNA-
seq results of MeJA-elicited and non-elicited roots of P. Mul-
tiflorum, more than 51 million sequence reads were generated
and each of the two samples was represented by at least 51
million sequence reads in which the tag density was suffi-
cient for qualitative analysis of gene expression (Mortazavi
et al. 2008). We identified and annotated these sequences by
using a series of bioinformatics tools to produce 79,565 uni-
genes including 18,677 differentially expressed in response to
MeJA. Meanwhile, as far as the number of contig and uni-
gene is concerned, some genes in the P. multiflorum root
were suppressed after treatment by 0.25 mM MeJA solu-
tion, which indicated that this concentration may be harmful
to cell growth of P. multiflorum and wherein the mechanism
is worthy of further study. The known genes involved in the
stilbenoid backbone pathway could be identified, which sug-
gested that the stilbenoid backbone pathway existed in the P.
multiflorum roots. Many studies had shown that application
of exogenous MeJA induces the stilbenoid backbone pathway
in several plants (Bavaresco et al. 2012; Jeandet et al. 2002;
Krisa et al. 1999; Tassoni et al. 2005; Vannozzi et al. 2012;
Vezzulli et al. 2007), including Vitis vinifera, Vitis vinifera cv.
Barber., V. vinifera cv. Pinot noir, and V. vinifera cv Shiraz
etc. In this study with P. multiflorum roots, our RNA-seq and
qRT-PCR results showed that the expression of presumptive
stilbenoid backbone pathway genes (C,H, 4CL, STS) was
consistent with the mechanism seen in other plants, suggest-
ing exogenous application of MeJA could mediate stilbenoid
biosynthesis and stilbenoid backbone pathway, thereby regu-
lating a series of downstream genes in P. multiflorum roots.

In the present study, the known genes found in pathways
that regulate stilbenoid synthesis, a large number of genes with
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known or predicted functions involved in several metabolic
pathways, plant hormone signal transduction and phenylpro-
panoid biosynthesis, as well as many genes encoding TFs
were all shown to be induced in response to MeJA. In plant
cells, one major regulatory mechanism of secondary metabo-
lite production is via the control of the expression of TFs that
in turn regulate biosynthesis genes (Broun 2004; Yanagisawa
1998), e.g., the ORCA3 TF regulates several JA-responsive
genes in MeJA-inducible indole alkaloid biosynthesis in
Catharanthus roseus (Van der fits and Memelink 2000). Simi-
larly, stress responsive TFs have been suggested to be involved
in stilbenoid biosynthesis. Our sequence results also showed
that many genes encoding TFs were differentially expressed
in response to MeJA elicitation. These MeJA-responsive TFs
may directly or indirectly regulate the production or activity of
stilbenoid biosynthetic enzymes; thus characterization of the
DEGs which encode TFs might shed light on the regulation of
stilbenoid biosynthesis in P. multiflorum.

Although structural elucidation of stilbene glucoside,
which is one of the most important stilbenoids in P. multiflo-
rum, has been extensively studied, its biosynthesis still needs
to be further elucidated (Lv et al. 2006, 2008, 2010), whose
skeleton is based on trans-resveratrol structure (3,5,4’-trihy-
droxy stilbene) (Jeandet et al. 2002). In terms of chemical
structure, hydroxylation and glycosylation may be the final
two steps for stilbene glucoside based on trans-resveratrol.
Our RNA-seq data provided available candidate genes of the
final two steps (supplementary data Table S8), which will be
validated in our next study. The molecular cloning and char-
acterization of these candidate genes will further elucidate the
stilbene glucoside biosynthesis pathway in P. multiflorum.

In conclusion, using Illumina sequencing technology,
we investigated the poly (A) + transcriptome of the MeJA-
elicited P. multiflorum roots versus non-elicited roots and
produced 79,565 assembled unigenes with 56,972 unigenes
that could be annotated compared to other known genes
from other plant species. Analysis of the annotated uni-
genes from P. multiflorum roots showed a significant tran-
scriptional complexity and provided more information about
MelJA response. Metabolic pathways involved in biosynthe-
sis of TFs, plant—pathogen interaction, plant hormone signal
transduction and stilbenoid backbone were bioinformatically
reconstructed in P. multiflorum. Additionally, the nucleotide
sequences obtained through transcriptome sequencing serve
as a substantial contribution to existing sequence resources
of P. multiflorum. Particularly, the transcriptome data pro-
vided candidates of presumptive biosynthetic enzymes for
the remaining steps in stilbene glucoside biosynthesis path-
ways. Further analysis of the P. multiflorum genes anno-
tated to TFs will help us understand regulation patterns upon
MelJA elicitation and the molecular mechanisms of MeJA-
mediated stilbene glucoside biosynthesis in P. multiflorum
roots. In summary, this transcriptome data will serve as an

important public information platform to accelerate research
of MeJA-responsive networks and the regulatory mecha-
nisms of stilbene glucoside biosynthesis.

Acknowledgments We thank Guizhou Key Laboratory of Propaga-
tion and Cultivation of Medicinal Plants (Guiyang, Guizhou, China)
for providing the P. multifiorum samples used in this study. We are
grateful to the researchers who submitted the microarray data to the
public expression databases. We are also grateful to all of the mem-
bers of our laboratories who completed the expression profiling. This
work was supported by “double support project” in Sichuan Agricul-
tural University (Grant No. 03570313).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict
of interest.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

Audic S, Claverie JM (1997) The significance of digital gene expres-
sion profiles. Genome Res 10:986-995

Bavaresco L, Mattivi F, De Rosso M, Flamini R (2012) Effects of
elicitors, viticultural factors, and enological practices on resvera-
trol and stilbenes in grapevine and wine. Mini Rev Med Chem.
12:1366-1381

Belhadj A, Saigne C, Telef N, Cluzet S, Bouscaut J, Corio-Costet MF,
Merillon JM (2006) Methyl jasmonate induces defense response
in Grapevine and triggers protection against erysiphe necator. J
Agric Food Chem 24:9119-9125

Benjamini Y, Drai D, Elmer G, Kafkafi N, Golani I (2001) Control-
ling the false discovery rate in behavior genetics research. Behav
Brain Res 1:279-284

Broun P (2004) Transcription factors as tools for metabolic engineer-
ing in plants. Curr Opin Plant Biol 2:202-209

Conesa A, Gotz S (2008) Blast2GO: a comprehensive suite for
functional analysis in plant genomics. Int J Plant Genomics
2008:619-832

Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, Robles M
(2005) Blast2GO: a universal tool for annotation, visualization
and analysis in functional genomics research. Bioinformatics
18:3674-3676

Dixon RA, Achnine L, Kota P, Liu CJ, Reddy MSS, Wang LJ (2002)
The phenylpropanoid pathway and plant defence—a genomics
perspective. Mol Plant Pathol 5:371-390

Gaige AR, Ayella A, Shuai B (2010) Methyl jasmonate and ethylene
induce partial resistance in Medicago truncatula against the char-
coal rot pathogen Macrophomina phaseolina. Physiol Mol Plant
Pathol 5:412-418

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit
I, Adiconis X, Fan L, Raychowdhury R, Zeng QD, Chen ZH,
Mauceli E, Hacohen N, Gnirke A, Rhind N, Di Palma F, Birren
BW, Nusbaum C, Lindblad-Toh K, Friedman N, Regev A (2011)
Full-length transcriptome assembly from RNA-seq data without
a reference genome. Nat Biotechnol 7:644—-652

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

348

Mol Genet Genomics (2016) 291:337-348

Han LF, Wu B, Pan GX, Wang YF, Song XB, Gao XM (2009) UPLC-
PDA analysis for simultaneous quantification of four active com-
pounds in crude and processed rhizome of Polygonum multiflo-
rum Thunb. Chromatographia 3:657-659

Hanhineva K, Kokko H, Siljanen H, Rogachev I, Aharoni A, Karen-
lampi SO (2009) Stilbene synthase gene transfer caused altera-
tions in the phenylpropanoid metabolism of transgenic straw-
berry (Fragaria x ananassa). ] Exp Bot 7:2093-2106

Iseli C, Jongeneel CV, Bucher P (1999) ESTScan: a program for
detecting, evaluating, and reconstructing potential coding regions
in EST sequences. Proc Int Conf Intell Syst Mol Biol:138-148

Jeandet P, Douillet-Breuil AC, Bessis R, Debord S, Sbaghi M, Adrian
M (2002) Phytoalexins from the Vitaceae: biosynthesis, phyto-
alexin gene expression in transgenic plants, antifungal activity,
and metabolism. J Agric Food Chem 50:2731-2741

Jung KA, Min HJ, Yoo SS, Kim HJ, Choi SN, Ha CY, Kim HJ, Kim
TH, Jung WT, Lee OJ, Lee JS, Shim SG (2011) Drug-induced
liver injury: twenty five cases of acute hepatitis following inges-
tion of Polygonum multiflorum Thunb. Gut Liver 4:493-499

Krisa S, Larronde F, Budzinski H, Decendit A, Deffieux G, Mérillon
IM (1999) Stilbene production by Vitis vinifera cell suspension
cultures: methyl jasmonate induction and '3C biolabeling. J Nat
Prod 62:1688-1690

Ku KM, Jeffery EH, Juvik JA (2014) Optimization of methyl jas-
monate application to broccoli florets to enhance health-promot-
ing phytochemical content. J Sci Food Agric 10:2090-2096

Li B, Dewey CN (2011) RSEM: accurate transcript quantification
from RNA-seq data with or without a reference genome. BMC
Bioinformatics 12:323

Li RQ, Zhu HM, Ruan J, Qian WB, Fang XD, Shi ZB, Li YR, Li ST,
Shan G, Kristiansen K, Li SG, Yang HM, Wang J, Wang J (2010)
De novo assembly of human genomes with massively parallel
short read sequencing. Genome Res 2:265-272

Lin LC, Nalawade SM, Mulabagal V, Yeh MS, Tsay HS (2003)
Micropropagation of Polygonum multiflorum Thunb. and quan-
titative analysis of the anthraquinones emodin and physcion
formed in vitro propagated shoots and plants. Bio Pharm Bull
10:1467-1471

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2 (-Delta ¢(T))
method. Methods 4:402—408

Luo AX, Fan YJ, Luo AS (2011) In vitro free radicals scavenging
activities of polysaccharide from polygonum multiflorum Thunb.
J Med Plants Res 6:966-972

Lv LS, Gu XH, HO CT, Tang J (2006) Stilbene glycosides from the
roots of Polygonum multiflorum Thunb. and their in vitro antioxi-
dant activities. J Food Lipids 13:131-144

Lv LS, Tang J, HO CT (2008) Identification of oxidation products
of  2,3,5,4%-tetrahydroxystilbene  2-O-B-D-glucopyrandoside
from Polygonum multiflorum Thunb. with H,0,. J Food Lipids
2:231-239

Lv LS, Shao X, Wang LY, Huang DR, Ho CT, Sang SM (2010) Stilbene
glucoside from Polygonum multiflorum Thunb.: a novel natural
inhibitor of advanced glycation end product formation by trapping
of methylglyoxal. J Agric Food Chem 4:2239-2240

Mahmoudi H, Ben Massoud R, Baatour O, Tarchoune I, Ben Salah
I, Nasri N, Abidi W, Kaddour R, Hannoufa A, Lachaal M,
Ouerghi Z (2012) Influence of different seed priming meth-
ods for improving salt stress tolerance in lettuce plants. J plant
nutr 35:1910-1922

Moreira X, Sampedro L, Zas R (2009) Defensive responses of Pinus pin-
aster seedlings to exogenous application of methyl jasmonate: con-
centration effect and systemic response. Environ Exp Bot 1:94-100

MoriyaY, Itoh M, Okuda S, Yoshizawa AC, Kanehisa M (2007) KAAS:
an automatic genome annotation and pathway reconstruction
server. Nucleic Acids Res 35(Web Server issue):W182-W185

@ Springer

Mortazavi A, Williams BA, Mccue K, Schaeffer L, Wold B (2008)
Mapping and quantifying mammalian transcriptomes by RNA-
Seq. Nat Methods 7:621-628

Myhre S, Tveit H, Mollestad T, Laegreid A (2006) Additional gene
ontology structure for improved biological reasoning. Bioinfor-
matics 22:2020-2027

Pauwels L, Morreel K, De witte E, Lammertyn F, Van MM, Boerjan W,
Inze D, Goossens A (2008) Mapping methyl jasmonate-mediated
transcriptional reprogramming of metabolism and cycle progression
in cultured Arabidopsis cells. Proc Natl Acad Sci USA 4:1380-1385

Rice P, Longden I, Bleasby A (2000) EMBOSS: the European molec-
ular biology open software suite. Trends Genet 16:276-277

Riechmann JL, Heard J, Martin G, Reuber L, Jiang C, Keddie J,
Adam L, Pineda O, Ratcliffe OJ, Samaha RR, Creelman R, Pil-
grim M, Broun P, Zhang JZ, Ghandehari D, Sherman BK, Yu G
(2000) Arabidopsis transcription factors: genome-wide compara-
tive analysis among eukaryotes. Science 5499:2105-2110

Robinson MD, McCarthy DJ, Smyth GK (2010) EdgeR: a Biocon-
ductor package for differential expression analysis of digital
gene expression data. Bioinformatics 1:139-140

Santino A, Taurino M, De Domenico S, Bonsegna S, Poltronieri P,
Pastor V, Flors V (2013) Jasmonate signaling in plant develop-
ment and defense response to multiple (a)biotic stresses. Plant
Cell Rep 7:1085-1098

Sun GL, Yang YF, Xie FL, Wen JE, Wu JQ, Wilson IW, Tang Q, Liu
HW, Qiu DY (2013) Deep sequencing reveals transcriptome
reprogramming of Taxus x media cells to the elicitation with
methyl jasmonate. PLoS One 4:¢62865

Tassoni A, Fornale S, Franceschetti M, Musiani F, Michael A, Perry
B, Bagni N (2005) Jasmonates and Na-orthovanadate promote
resveratrol production in Vitis vinifera cv. Barber cell cultures.
New Phytol 3:895-905

Tatusov RL, Galperin MY, Natale DA, Koonin EV (2000) The COG
database: a tool for genome-scale analysis of protein functions
and evolution. Nucleic Acids Res 28:33-36

Van der fits L, Memelink J (2000) ORCA3, a jasmonate-responsive
transcriptional regulator of plant primary and secondary metabo-
lism. Science 5477:295-297

Vannozzi A, Dry IB, Fasoli M, Zenoni S, Lucchin M (2012) Genome-
wide analysis of the grapevine stilbene synthase multigenic fam-
ily: genomic organization and expression profiles upon biotic
and abiotic stresses. BMC Plant Biol 12:130

Verma M, Ghangal R, Sharma R, Sinha AK, Jain M (2014) Transcrip-
tome analysis of Catharanthus roseus for gene discovery and
expression profiling. PLoS One 7:¢103583

Vezzulli S, Civardi S, Ferrari F, Bavaresco L (2007) Methyl jasmonate
treatment as a trigger of resveratrol synthesis in cultivated grape-
vine. Am J Enol Vitic 58:530-533

Wasternack C, Hause B (2013) Jasmonates: biosynthesis, perception,
signal transduction and action in plant stress response, growth
and development. Ann Bot 6:1021-1058

Weisshaar B, Jenkins GI (1998) Phenylpropanoid biosynthesis and its
regulation. Curr Opin Plant Biol 3:251-257

Wu XQ, Chen XZ, Huang QC, Fang DM, Li GY, Zhang GL (2012)
Toxicity of raw and processed roots of Polygonum multiflorum.
Fitoterapia 3:469-475

Yan CY, Yu RM, Zhang Z, Kong LY (2007) Biotransformation of
4-hydroxybenzene derivatives by hairy root cultures of Polygo-
num multiflorum Thunb. J Integr Plant Biol 49:207-212

Yanagisawa SC (1998) Transcription factors in plants: physiological
functions and regulation of expression. J Plant Res 111:363-371

Ye J, Fang L, Zheng HK, Zhang Y, Chen J, Zhang ZJ, Wang J, Li ST,
Li RQ, Bolund L, Wang J (2006) WEGO: a web tool for plotting
GO annotations. Nucleic Acids Res 34:293-297



	Deep sequencing reveals transcriptome re-programming of Polygonum multiflorum thunb. roots to the elicitation with methyl jasmonate
	Abstract 
	Introduction
	Materials and methods
	Plant material and root-irrigating treatment by MeJA solution on plantlets
	Total RNA isolation, cDNA library construction and sequencing
	Sequence data analysis, assembly, and annotation
	Unigene expression difference analysis
	Real-time PCR and PCR products sequencing validation

	Results
	Illumina sequencing and de novo assembly of sequence reads in P. multiflorum
	Functional annotation of predicted proteins
	DEG analysis elicited by MeJA
	Comparison of the expression levels of genes between non-elicited and elicited P. multiflorum roots
	MeJA-responsive transcription factors in P. multiflorum roots
	The MeJA-responsive activity in plant–pathogen interaction pathway
	MeJA affects plant hormone signal transduction
	MeJA affects phenylpropanoid biosynthesis and genes in the main chain of stilbenoid backbone biosynthesis
	Validation of DEGs with qRT-PCR analysis and PCR product sequencing

	Discussion
	Acknowledgments 
	References




