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Abstract

WRKY proteins belong to a transcription factor (TF) family and play dynamic roles in many plant pro-

cesses, including plant responses to abiotic and biotic stresses, as well as secondary metabolism.

However, no WRKY gene in Panax ginseng C.A. Meyer has been reported to date. In this study, a

number of WRKY unigenes from methyl jasmonate (MeJA)-treated adventitious root transcriptome

of this species were identified using next-generation sequencing technology. A total of 48 promising

WRKY unigenes encodingWRKY proteins were obtained by eliminatingwrong and incomplete open

reading frame (ORF). Phylogenetic analysis reveals 48 WRKY TFs, including 11 Group I, 36 Group II,

and 1 Group III. Moreover, one MeJA-responsive unigene designated as PgWRKY1 was cloned and

characterized. It contains an entire ORF of 1077 bp and encodes a polypeptide of 358 amino acid re-

sidues. The PgWRKY1 protein contains a singleWRKY domain consisting of a conserved amino acid

sequencemotif WRKYGQK and a C2H2-type zinc-fingermotif belonging toWRKY subgroup II-d. Sub-

cellular localization of PgWRKY1-GFP fusion protein in onion and tobacco epidermis cells revealed

that PgWRKY1 was exclusively present in the nucleus. Quantitative real-time polymerase chain reac-

tion analysis demonstrated that the expression of PgWRKY1was relatively higher in roots and lateral

roots compared with leaves, stems, and seeds. Importantly, PgWRKY1 expression was significantly

induced by salicylic acid, abscisic acid, and NaCl, but downregulated by MeJA treatment. These

results suggested that PgWRKY1might be amultiple stress-inducible gene responding to hormones

and salt stresses.
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Introduction

WRKY (pronounced as ‘worky’) proteins form a large family of
transcription factors (TFs) with their major occurrence in the plant
kingdom [1]. The first cDNA-encoding WRKY protein was cloned
in 1994 from sweet potato (Ipomoea batatas; SPF1), followed by
wild oat (Avena fatua; ABF1, 2), and parsley (Petroselinum crispum;
PcWRKY1, 2, 3) [2–4]. To date, an increasing number of genes

encoding WRKY proteins have been experimentally identified in
numerous plants, including 74 members in Arabidopsis thaliana,
more than 109 in soybean (Glycine max), 109 in rice (Oryza sativa),
57 in cucumber (Cucumis sativus), and 105 members in poplar
(Populus trichocarpa) [1,5–8]. In addition, WRKY proteins have
also been isolated from lower plants (e.g. ferns and mosses), protist
(Giardia lamblia), and slime mold (Dictyostelium discoideum) [1,5].
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The name ‘WRKY’ was originated from the WRKY domain that
contains a region of about 60 amino acids. TheWRKY family proteins
contain either one or twoWRKY domains, each of which is character-
ized by the WRKYGQK sequence motif at their N-terminal and a
Cys2His2 or Cys2HisCys zinc-finger motif at their C-terminal. In gen-
eral, the hallmark heptapeptide WRKYGQK is highly conserved in
plant WRKY-DNA-binding domain (DBD). Both motifs of the do-
main are necessary for high affinity binding of a WRKY protein
with the W-box in the promoter of the target gene to modulate tran-
scription [5,9]. All the members of the WRKY family are structurally
divided into three distinct groups based on both the number ofWRKY
domains and the pattern of their zinc-finger motif. Group I WRKYs
typically contain two WRKY domains, while those with one WRKY
domain belong to either Group II or III differentiated from each other
according to the features of their zinc-finger motif. The Group II is fur-
ther divided into five subgroups (II-a, II-b, II-c, II-d, and II-e) on the
basis of additional short conserved structural motifs outside the
WRKY domain. Both Group I and II have the same pattern of zinc-
finger motif, namely C2H2, while the domain in Group III contains
a C2HC motif [6,9].

In plants, numerous WRKY proteins appear to be associated with
response to biotic and abiotic stresses of wounding, pests, pathogens,
drought, heat shock, freezing, cold adaptation, as well as nutrient
deficiency [10–13]. It is also evident that several members of this fam-
ily might have key regulatory functions in trichome and seed coat de-
velopment, embryogenesis, senescence, seed dormancy, germination,
as well as metabolic pathways [14–18]. Over the past few years,
WRKYTFs have been proved in the induction of natural products bio-
synthesis. CjWRKY1 from Coptis japonica regulates the production
of the benzylisoquinoline alkaloid, berberine [19]. A number of bio-
synthetic genes for the sesquiterpene lactone, such as artemisinin
which is a valuable anti-malaria drug, are regulated by Artemisia
annuaWRKY1 [20]. In addition to regulating the gene expression re-
lated to triterpene ginsenoside biosynthesis [21], heterologous over-
expression of American ginseng WRKY gene, PqWRKY1 in Arabi-
dopsis was also found to induce gene expression associated with
salt, drought, and disease resistance, leading to the development of
seedling survival to salt and drought stress. A number of WRKY
genes have been identified to respond to salt and various hormones
such as MeJA, SA, and abscisic acid (ABA) [21,22] associated with
plant defense and secondary metabolism. Identification of hormones
and salt-responsive WRKYs will thus give valuable information on
plant defense and natural product regulatory networks.

Ginseng (Panax ginseng C.A. Meyer) is the king of herbs, which
belongs to the Araliaceae family, and has long been used as one of
the most precious herbal medicines in Eastern Asia and North America
[23]. The main pharmaceutically active compounds of ginseng are
ginsenosides, used in the treatment of cardiovascular disease, obesity,
diabetes, cancer, stress, and aging-related diseases [24–26]. The bio-
synthesis of these compounds is regulated by various biotic and abiotic
stresses [27]. Over the past several years, a number of WRKY genes
have been cloned and confirmed to play a pivotal role in regulating tol-
erance to biotic and abiotic stresses, as well as numerous secondary
metabolites biosynthesis in many other medicinal species [19,21,28].
However, due to the shortage of gene sequence information, the TF of
P. ginseng has not been explored. More recently, the transcriptome of
MeJA-treated P. ginseng adventitious roots has first been sequenced
and analyzed using Illumina/Solexa sequencing technology [29], and
results reveals a number of helpful sequence information on various
TF-related unigenes for further analysis, including full-length cDNA
cloning and functional studies.

In this study, the identification of 48 PgWRKY unigenes was first
reported based on our MeJA-treated P. ginseng transcriptome dataset
[29]. Phylogenetic analysis was also performed based on their WRKY
domain amino acid sequences to classify theseWRKY proteins. A pos-
sible candidate named PgWRKY1 responding to MeJA in our tran-
scriptome dataset was cloned. Moreover, the expression profiles of
the PgWRKY1 gene under NaCl and various hormonal treatments,
including MeJA, SA, and ABA, were determined using qRT-PCR. In
addition, the tissue-specific expression characteristics, subcellular
localization, and 3D structure of the PgWRKY1 protein were ana-
lyzed. To the best of our knowledge, PgWRKY1 is the first P. ginseng
WRKY gene to be cloned and functionally characterized.

Materials and Methods

Plant materials

Four-year-old P. ginseng C.A. Meyer (Chinese Jilin ginseng cv.
Damaya) was collected from the forest of the Changbai mountain of
Fusong county, Jilin Province, China. MeJA-treated (Pg-MeJA) and
untreated (Pg-Con) adventitious roots were used in our previous tran-
scriptome sequencing study through the Illumina/Solexa technology
[29]. Fresh ginseng adventitious roots were used for PgWRKY1
gene clone and to examine the expression profiles under various treat-
ments. The roots, lateral roots, stems, seeds, and leaves were collected
separately for RNA isolation and used for tissue-specific expression
analysis.

TF search from Illumina/Solexa transcriptome dataset

MeJA-treated adventitious root transcriptome generated from
4-year-old P. ginseng through the next-generation sequencing (NGS)
technology from our previous work provided a complete view on vari-
ous kinds of unigenes [29]. To identify PgWRKY unigenes, this Illumi-
na/Solexa dataset was annotated in the public databases, including
NCBI non-redundant protein sequence (Nr), Swiss-prot, NCBI non-
redundant nucleotide sequence (Nt), and Kyoto encyclopedia of
genes and genomes (KEGG) using Blastx algorithm (E < 1 × 10−5).
Subsequently, the obtained PgWRKY gene sequences were further
analyzed via open reading frame (ORF) finder to confirm the presence
of ORF. Manual annotation was performed for the incorrectly pre-
dicted genes and generated a final list of putative PgWRKYs
(cDNAs) based on the characteristics of plantWRKYs. The molecular
evolution genetics analysis (MEGA) software (version 4.0) was then
used to translate the unigenes into proteins [30]. Duplicate results
were removed by searching the established invariant consensus se-
quences WRKYGQK and known alternative WRKYGKK, WRKY-
GEK, and WRKYGSK consensus sequences from the list of proteins.
The finally identified PgWRKY TFs, including complete N-terminal
and C-terminal ends, were classified into three TF groups (Groups I,
II, and III) by constructing unrooted phylogenetic tree using MEGA
4.0 with the neighbor-joining (NJ) method [30,31]. Afterwards,
using complete amino acid sequences of PgWRKY members from
Group II, blast analysis against protein sequence database of different
plant species in NCBI was performed to find corresponding WRKY
genes similar to that of ginseng species.

Cloning of PgWRKY1
To identify the unigenes from our dataset, a pair of primers was de-
signed according to one randomly selected annotated unigene
(CL495. Contig5) responding to MeJA in our transcriptome dataset
as follows: 5′-CTTTGCTTTTCCTTAGTTG-3′ (forward primer)
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and 5′-GAGTTCCACTGGATCATTA-3′ (reverse primer). Total RNA
from untreated adventitious roots was extracted by E.Z.N.A plant
RNA kit (Omega Bio-Tek, Doraville, USA) according to the protocols
of the manufacturer and then treated with RNase-free DNase I
(Omega Bio-Tek) to eliminate potential genomic DNA contamination.
The first-strand cDNA was synthesized using 1 µg of total RNA and
RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific,
Waltham, USA) in a 20 µl reaction volume. PCR was performed using
2 ×Taq MasterMix (CWBIO, Beijing, China) in a 16 µl reaction vol-
ume containing 8 µl of master mixture, 1 µl of each primer, 5.5 µl of
ddH2O, and 0.5 µl of cDNA as the template. The PCR conditions
were as follows: 94°C for 1 min; 94°C for 30 s, 58°C for 30 s, 72°C
for 1 min with 35 cycles; and 72°C for 7 min. PCR products were ana-
lyzed in 1% agarose gels and purified by using Wizard SV Gel and
PCR Clean-Up System (Promega, Madison, USA). The generated
purified fragment was then cloned into the pGEM-T Easy vector (Pro-
mega) and transferred into Escherichia coliDH5α according to stand-
ard procedures. The successful clone was finally sequenced by Life
Technologies (Shanghai, China). The cloned cDNA was initially
termed as PgWRKY1. Moreover, five more PgWRKY genes were
cloned and fully sequenced. All sequences have been submitted to
GenBank (Supplementary Table S1). Primers used for cloning these
five genes are listed in Table 1.

Bioinformatics analysis

Heatmap was generated using HemI software (http://hemi.biocuckoo.
org/down.php) [32]. The ORF analysis and amino acid sequence com-
parison were carried out using ORF finder (http://www.ncbi.nlm.nih.
gov/projects/gorf/) and BLASTP tools (http://www.ncbi.nlm.nih.Gov),
respectively. The theoretical iso-electric point (PI), molecular weight
(MW), grand average of hydropathicity (GRAVY), and other physio-
chemical properties were determined using ExPASy server (http://web.
expasy.org/protparam/). Phylogenetic tree and multiple sequence
alignment were carried out with MEGA 4.0 using NJ algorithm
with 100 bootstrap trials and DNAman software, respectively. DNA-
binding domain was predicted using NCBI Conserved Domains
Finder (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Trans-
membrane domain prediction was analyzed using the TMHMM Server
V.2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/). The secondary
structure prediction for PgWRKY1 protein was performed with NPS@
(https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_gor4.
html). The 3D structure predictions were accomplished using Phyre2
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) and Swiss-
Model tool (http://www.swissmodel.expasy.org/) of ExPASy server.
Protein function predictions were performed using ProtFun procedure

(http://www.cbs.dtu.dk/services/ProtFun/). Primers were designed using
Primer Premier 5.0 software (http://www.idtdna.com/Primerquest/
Home/Index).

Subcellular localization analysis

To examine the subcellular localization of the PgWRKY1 protein, the
longest ORF of the PgWRKY1 cDNAwithout termination codon was
amplified by PCR with primer1 containing BglII site (underlined) at
5′-end: 5′-GAAGATCTAATGACTGTTGACCTGA-3′ and primer2
containing SpeI site (underlined) at 5′-end: 5′-GGACTAGTCGAG
CCGTCCGATTTAG-3′ using 2 × Taq Master Mix kit. The PCR
product was introduced into the 5′ side of the GFP gene of the
pCAMBIA1302 vector (Supplementary Fig. S1) to generate the
CaMV35S::PgWRKY1:GFP construct which was verified by sequen-
cing. The CaMV35S::GFP construct was used as the control. The
recombinant vector (pCAMBIA1302-PgWRKY1) and the control
(pCAMBIA1302) were transformed into onion and tobacco epider-
mal cells with injector via Agrobacterium tumefaciens GV3101.
After the transformed onion and tobacco epidermis cells were incu-
bated for 48 h at 28°C in the dark, green fluorescent protein (GFP)
and DAPI (4′,6-diamidino-2-phenylindole) were visualized under a
fluorescent microscope (Nikon Eclipse 80i; Nikon, Tokyo, Japan).
GFP excitation was detected between 460 and 500 nm as blue color
and emission from 515 to 550 nm as green color, while DAPI excita-
tion was observed as ultraviolet (UV) light from 340 to 500 nm and
emission from 435 to 485 nm in blue color. Finally, all the images
were captured with a ×40 objective lens.

Stress and hormone treatments

To examine the responses of PgWRKY1 gene to salt and hormone
treatments, adventitious roots that had been cultured for 2 weeks
were transferred in Murashige and Skoog media containing 200 µM
MeJA, 200 µM SA, 20 µM ABA, and 50 µM NaCl, and then kept
shaking (110 rpm) at 28°C. The adventitious root samples at 0, 3,
6, 12, 24, 36, and 48 h post-treatment were collected and frozen in
liquid nitrogen. The harvested samples were then stored at −80°C
for RNA extraction.

Expression analysis by quantitative real-time PCR

(qRT-PCR)

Total RNA was extracted using E.Z.N.A plant RNA kit from the
above harvested adventitious root samples according to the manufac-
turer’s procedure. The RNA samples were then reverse transcribed
into cDNA using the RevertAid First-Strand cDNA Synthesis kit
(Thermo Fisher Scientific). The following gene-specific primers were
used in the reaction: 5′-CACCAACAGCATCAACAGCG-3′ (forward
primer) and 5′-TTCGGGACCCATTAGACATCA-3′ (reverse primer).
A housekeeping gene β-actin (GenBank accession numberKF699319.1)
was used as standard control using the following primers: 5′-TGGC
GGTTGAGGTGGTGGGT-3′ (forward primer) and 5′-GAGCGTCC
TACTAACAAGGCAGAG-3′ (reverse primer). The cDNA was ampli-
fied with the fluorescent dye 2 × UltraSYBR Mixture (CWBIO) using
Mastercycler ep realplex (Eppendorf, Hamburg, Germany) under the
following conditions: 95°C for 10 min; 95°C for 15 s, 60°C for 30 s,
40 cycles. The reactionmixture (50 µl) contained 25 µl of 2 ×UltraSYBR
Mixture (with ROX), 1 µl of each primer (10 µM), 1.5 µl of cDNA, and
21.5 µl of ddH2O. All the qRT-PCRs, including non-template controls,
were performed in triplicate with three independent biological replicates.
At the end of the amplification cycle, the melting curve of amplified pro-
ducts was generated for each reaction to ensure specific amplification.

Table 1. Primers used for cloning of 5 PgWRKYs

Primer name Primer sequence (5′ to 3′)

PgWRKY2-F TCTTTTGGGTGTGTGAAT
PgWRKY2-R TTTGGCGTTTGTATGGTA
PgWRKY3-F CTTTGCTTTTCCTTAGTTG
PgWRKY3-R ATCATTATCTCTCTCCTTGG
PgWRKY4-F CTTTGCTTTTCCTTAGTTG
PgWRKY4-R AACAAACATTTCCAACCG
PgWRKY5-F TCTTTTGGGTGTGTGAAT
PgWRKY5-R TGGCGTTTGTATGGTAAT
PgWRKY6-F CTTACCAGCCCTCTCCG
PgWRKY6-R ATACTTTTGTAAGGAGGACTA
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The relative expression level of PgWRKY1was calculated using the 2−ΔΔt

method.

Statistical analysis

Results were presented as the mean ± the standard deviation (SD) from
three independent experiments, and each of those was calculated with
three replicates. Statistical analysis was conducted using the analysis of
variance. Comparisons of meanwere carried out using the least signifi-
cant difference test at P = 0.05. The difference was considered statistic-
ally significant when P < 0.05.

Results

Identification of PgWRKY1 from the Illumina/Solexa

dataset

A total of 71,095 unigenes from MeJA-treated adventitious roots of
P. ginseng were identified via Illumina/Solexa platform sequencing

in our previous study [29]. Among them, 186 unigenes based on
NCBI Nr, NCBI Nt, Swiss-prot, and KEGG databases were found
to be annotated as putative WRKY genes. After excluding sequences
that were wrong or incomplete ORFs, a total of 48 promising
PgWRKY unigenes were identified, which contain nucleotide
sequences between 1123 and 2543 bp with the average length of
1608 bp (Supplementary Table S2). These WRKY genes were trans-
lated into proteins through the MEGA 4.0 software [30] and the
WRKY domains containing the WRKYGQK sequence motif and
the zinc-finger motif (C2H2 or C2HC) were further checked to avoid
duplicate results. The 48 WRKY domains with complete N-terminal
and C-terminal WRKY ends were then classified into three groups
(Groups I, II, and III) using unrooted phylogenetic analysis (Fig. 1)
with the already classified AtWRKYs from Arabidopsis, OsWRKYs
from O. sativa, and PqWRKYs from P. quinquefolius [1,9,21] as re-
ferences. Eleven PgWRKYs with two WRKY domains were assigned
to Group I. Their zinc-finger structure is C2H2 with a pattern of

Figure 1. Unrooted phylogenetic tree analysis of 48 PgWRKY domains in three groups The PgWRKYs are highlighted in red and other plantWRKYs in black. Group

I-N and Group I-C denote the N-terminal and C-terminal WRKY domain of group I members, respectively. The alignment of amino acid sequences of the WRKY

domains was performed with MEGA 4.0 software and the phylogenetic tree was based on A. thaliana, O. sativa, and P. quinquefolius WRKY classification

constructed using NJ method. The arrow indicates the position of the PgWRKY1 protein in the phylogenetic tree.
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C-X5-C-X23-H-X-H. Since the N- and C-terminal domains produce
distinct clusters, we designated them as I-N and I-C, respectively.
Thirty-six PgWRKYs with single WRKY domain containing C2H2

zinc-finger (C-X5-C-X23-H-X-H) were assigned to Group II. They
were further assembled into five subgroups: Group II-a (4 proteins),
Group II-b (7 proteins), Group II-c (7 proteins), Group II-d (13 pro-
teins), andGroup II-e (5 proteins). The remaining one protein with sin-
gle WRKY domain was assigned into Group III and its zinc-finger
structure was C2HC (C-X7-C-X23-H-C).

Moreover, the amino acid sequences of the 48 PgWRKY proteins
were also aligned and only the regions containing the WRKY motif
and the zinc-finger motif were used for comparison (Fig. 2A). In add-
ition, although the two WRKY domains of Group I members were
found to be functionally distinct, only the second WRKY domains
near the C-terminal ends were compared as they were proved to
have sequence-specific binding ability to the target DNA sequence

[2,33]. The sequences in the WRKY motif and the zinc-finger motif
were found to be highly conserved with the exception of three variants
including CL6010.Contig2 (Group II-b), Unigene 19368 (Group II-d),
and CL5364.Contig3 (Group II-e). The ‘CL6010.Contig2’ WRKY
protein showed a little variation in the sequences of zinc-finger
motif compared with other members in the group. Moreover, most
of the 48 PgWRKY proteins were identified to contain the conserved
WRKYGKQ residues with the exception of two proteins with the
alternative WRKY motif sequences: WKKYDQK (Unigene 19368)
and WRKYGKK (CL5364. Contig3). These two proteins were
grouped into the subgroup II-d and II-e, respectively. It is noteworthy
that WKKYDQK sequence of ‘Unigene 19368’ has not previously
been identified in any other species. This sequence variation within
the conserved domain suggested that multiple WRKY genes should
widely represent P. ginseng genome and may play a species-specific
biological role in the growth and development of this species.

Figure 2. Amino acid sequences of 48 PgWRKY domains along with expression levels of their corresponding unigenes (A) Comparison of the amino acid

sequences of WRKY domains. WRKY motifs within each of the groups are marked in pink and cysteine (C) and histidine (H) residues forming zinc-finger motif

are highlighted in yellow. The amino acids that are variants are highlighted in red. Only the C-terminal WRKY domain for the members with two WRKY

domains was used for comparison. (B) Heatmap diagram showing expression levels of PgWRKY unigenes. The levels of expression were determined based on

comparison of the intensity of two colors (red and blue) from two samples (Pg-Con and Pg-MeJA). The more intensity of red is, the more expression occurs,

while the phenomenon is vice versa for blue. The values representing intensity were measured using log10(FPKM). Log10(FPKM) values are presented with the

‘color-scale’ shown at the right-bottom. The expression map was generated using HemI program with log10(FPKM) values.
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To get an full picture in terms of the MeJA-treated expression
levels of the above-mentioned 48 PgWRKY candidates, a heatmap
diagram (Fig. 2B) was generated on the basis of the log10(FPKM) va-
lues of Pg-Con (control) and Pg-MeJA (MeJA treated), which showed
an average expression of each unigene. Among them, 39.58% (19 out
of 48 unigenes) showed upregulated trends, 27.08% (13 unigenes)
showed downregulated trends, and 33.33% (16 unigenes) did not
show differential expression levels (Supplementary Table S2), imply-
ing their putative roles in secondary metabolism. It is worth mention-
ing that the unigene ‘CL495.Contig5’ selected for cloning in this study
was found to be downregulated in our MeJA-treated Solexa/Illumina
dataset.

Cloning and phylogeny of PgWRKY1
Based on the current data, one annotated unigene (CL495. Contig5)
corresponding toMeJA in our Illumina/Solexa-based expression data-
set was randomly selected. The primers were then designed, and the
selected WRKY candidate named PgWRKY1 (GenBank accession
number KR060074) was successfully cloned. The full-length cDNA
of the PgWRKY1 is 1167 bp with 5′-UTR (35 bp) and 3′-UTR
(55 bp) sequences (Figs. 3 and 4). The ORF encodes a protein with
358 amino acid residues with a calculated MW of 39.68 kDa and
an PI of 9.54.

Comparison with the sequence alignment of otherWRKY group II
members from different plants, the PgWRKY1 protein was found to
have a single WRKY domain consisting of one WRKYGQK sequence
motif located at the N-terminal and one C2H2 (C-X5-C-X23-H-X-H)
type zinc-finger motif at the C-terminal (Fig. 5), indicating that it is a
subgroup II-d protein according to the classification of the WRKY
superfamily [9,31]. According to phylogenetic tree, PgWRKY1 was
found to be grouped closely with PqWRKY1. Although PqWRKY1
was assigned to subgroup II-c [21], it was really found to be included
within the II-d subgroup when compared with the entire Arabidopsis
andO. sativaWRKY family (Fig. 1). In addition, the rooted phylogen-
etic analysis (Fig. 6) showed that WRKY proteins along with

PgWRKY1 formed one branch in the tree, even if they were derived
from different plant species. In particular, PqWRKY1, PcWRKY3,
IbWRKY1, NbWRKY17, and StWRKY12 showed very high similarity
to PgWRKY1, with 98.60%, 59.84%, 57.41%, 62.80% and 67.12%
similarity, respectively. All these observations indicated that PgWRKY1
is a member of WRKY gene family.

Structure analysis of PgWRKY1 protein

The single WRKY-DBD of PgWRKY1 was detected via NCBI Con-
served Domains Finder (CDF) database (Fig. 7A). The instability
index (II) of the protein was determined to be 47.36, indicating that
it is an unstable (stability factor >40) protein. The protein GRAVY
value was computed to be −0.737, implying that the PgWRKY1
was a hydrophilic protein in nature. GRAVY values generally range
between ±2, where the positive values show the hydrophobic nature
of proteins and the negative values indicate their hydrophilic nature.
Transmembrane helices are necessary for membrane-related proteins
associated with cell signaling and substrate transport [34,35]. Trans-
membrane prediction with TMHMM server V.2.0 showed that such
transmembrane helix was not found in PgWRKY1 protein, indicating
that it is not a transmembrane protein (Fig. 7B). The predicted second-
ary structure of PgWRKY1 protein is shown in Fig. 7C. It has 16.48%
(59 amino acid residues) alpha helix (Hh), 18.44% (66 amino acid re-
sidues) extended strand (Ee), and 65.08% (233 amino acid residues)
random coil (Cc). Based on amino acid sequence (Fig. 8A), the pre-
dicted three-dimensional structure of PgWRKY1 protein using
Phyre2 [37] and Swiss-Model software [38] was shown in Fig. 8B–E
and F,G, respectively. The results of PgWRKY1 protein function pre-
diction with ProtFun procedure [39] listed in Table 2 showed that the
key function of PgWRKY1 was translation, and its gene ontology cat-
egory indicated transcription regulation.

Subcellular localization of PgWRKY1 protein

All the discovered WRKY proteins in various plant species have been
shown to be present in the nucleus [6,22]. To demonstrate that
PgWRKY1 is indeed nucleus-localized, 35S::PgWRKY1:GFP fusion
and the 35S::GFP control gene were injected into onion (Allium
cepa) and tobacco (Nicotiana tabacum) epidermal cells by Agrobac-
trium rhizogenes injector, and then cells were observed under a fluor-
escent microscope. Both the PgWRKY1:GFP and GFP genes were
expressed at a high level in the injected cells under the control of highly
powerful cauliflower mosaic virus (CaMV) 35S promoter. Fluorescent
microscope imaging showed that PgWRKY1::GFP fusion protein was
prominently present in the nucleus of onion and tobacco epidermal
cells in a transient expression assay (Fig. 9). In contrast, the GFP con-
trol protein alone showed GFP signal both in the entire cytoplasm and
in the nucleus. These results suggested that the PgWRKY1 protein is a
nuclear-localized protein that is consistent with its predicted function
as a TF.

Expression pattern of PgWRKY1
More evidence showed that plant WKRY genes have various expres-
sion patterns in different plant organs. For example,OsWRKY82was
found to be expressed differentially in all investigated tissues, includ-
ing stems, leaves, flowers, and grains [40].CrWRKY1 inCatharanthus
roseus was shown to be preferentially expressed in roots, indicating
that it is a key factor in determining the root-specific accumulation
of serpentine in C. roseus plants [28]. In this study, the expression pat-
tern of the PgWRKY1 gene in P. ginseng tissue was investigated using
qRT-PCR analysis. As shown in Fig. 10, PgWRKY1 was expressed

Figure 3. Full-length cDNA of PgWRKY1 generated from PCR amplification

Lane 1: marker (1 kb) and lane 2: the amplified products of the full-length

cDNA (1167 bp, marked by arrowhead).
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differentially in leaves, roots, lateral roots, stems, and seeds. The ex-
pression of PgWRKY1 was high in lateral roots (5.07-fold) and roots
(4.53-fold) compared with that in leaves (1-fold), indicating an
increased accumulation of PgWRKY1mRNA in P. ginseng roots. Like-
wise, a relative decrease of PgWRKY1 transcripts was observed in stems
(0.97-fold) and seeds (0.55-fold) compared with that in leaves. These
results indicated a constitutive basal expression of PgWRKY1 in
P. ginseng in a tissue- and development-dependent manner.

Expression profiles of PgWRKY1 in response

to hormones and abiotic stress

TheWRKY genes have been demonstrated to respond to MeJA, ABA,
SA, and salt treatments associated with many life processes, including
stress resistance and natural products regulation [21,41,42]. There-
fore, to identify the possible involvement of PgWRKY1 gene in
hormone-dependent defense signaling pathways and in improving
stress tolerance, its expression profiles at different time points after

Figure 4. Alignment of nucleotide and amino acid sequences of PgWRKY1 The nucleotides are shown in the upper line and the amino acid residues are presented

below. Bold letters in the upper line indicate translation initiation (ATG) and stop (TAA) codon. 5′ and 3′UTRs are singly and theWRKY domain is doubly underlined.

The WRKY motif is marked in red and cysteine (C) and histidine (H) residues in the putative zinc-finger motif are marked in blue.
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MeJA, SA, ABA, andNaCl treatments of P. ginseng adventitious roots
were monitored.

MeJA is an important and potent elicitor of specializedmetabolites
formation including ginsenosides in P. ginseng and other medicinal
plants [28,43]. MeJA treatment was demonstrated to regulate the
expression of AtWRKY38 and AtWRKY70 in A. thaliana in a time-
dependent manner [44,45]. Moreover, expression analysis of P. quin-
quefolius treated with MeJA at different time points showed that
PqWRKY1 was induced within 24 h [21]. The candidate ‘CL495.

Contig5’ selected for cloning (PgWRKY1) in this study was found
to be downregulated in our MeJA-treated Solexa/Illumina dataset
(Fig. 2B). Based on the analysis of the full-length PgWRKY1 protein,
it was concluded that the protein structure of PgWRKY1 is closely re-
lated to the structure of PqWRKY1 with 98.60% similarity. There-
fore, the expression profiles of PgWRKY1 in the adventitious roots
after treatment with MeJAwere analyzed at different time points. Re-
sults showed that MeJA did not induce PgWRKY1 expression
(Fig. 11A), rather it significantly reduced PgWRKY1 expression,

Figure 5. WRKY domain comparison of PgWRKY1 with other members of WRKY group II Alignment analysis of PgWRKY1 with A. thaliana AtWRKY7

(AAK28440.1), AtWRKY11 (AAK96194.1), AtWRKY15 (AEC07442.1), AtWRKY17 (AAL13049.1), AtWRKY21 (AEC08412.1), and AtWRKY39 (AAK96198.1), O. sativa
OsWRKY6 (AAQ20906.1), OsWRKY42 (AAT84154.1), and OsWRKY51 (DAA05115.1), and P. quinquefolius PqWRKY1 (AEQ29014.1), PqWRKY8 (AEQ29021.1), and

PqWRKY35 (AEQ29025.1) performed using DNAman software. The fully conservedWRKYmotif (WRKYGQK) is underlined and cysteines (C) and histidines (H) in the

zinc-finger motif are indicated by arrowheads. Identical amino acids are shaded in deep blue and similar residues are in other colors.

Figure 6. A neighbor-joining phylogenetic tree of PgWRKY1 protein with other closely related WRKY proteins The other WRKY amino acid sequences including

their accession number used to prepare the phylogenetic tree are as follows: PqWRKY1 (AEQ29014.1), PcWRKY3 (AAC49528.1), IbWRKY1 (ACT55331.1),

NbWRKY17 (AIR74899.1), StWRKY2 (NP_001275001.1), CmWRKY13 (AHC54618.1), PsWRKY46 (AFU81789.1), GhWRKY97 (AGV75972.1), PbWRKY20

(ACV92022.1), PbWRKY26 (ACV92028.1), PtWRKT15 (XP_002310122.1), TcWRKY7 (XP_007017155.1), JcWRKY42 (AGQ04232.1), PbWRKY14 (ACV92016.1),

AtWRKY15 (NP_179913.1), AtWRKY11 (NP_849559.1), AtWRKY17 (NP_565574.1), and AtWRKY21 (NP_565703.1). Bootstrap values calculated for 100 replicates

are shown on the nodes. The name of the respective plant species of the above WRKY proteins are indicated in the phylogenetic tree.
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which validates our MeJA-treated transcriptome expression data, but
differs from the PqWRKY1 expression data. PqWRKY1 induction has
been identified in American ginseng leaves, but not in adventitious
roots that may respond to MeJA differently [46]. Our qRT-PCR ana-
lysis (Fig. 11A) showed a remarkable decrease in the transcripts of
PgWRKY1 gene at the first 3 h of MeJA treatment. The decreased
transcripts were observed at all time points of treatment and the
expression level reached the lowest level at 48 h post-treatment
compared with the control. The statistical analysis indicated that
the change in the expression level of PgWRKY1 was extremely signifi-
cant (P < 0.01). Previous reports also showed that CrWRKY18,
CrWRKY21, CrWRKY41, CrWRKY45, and CrWRKY48 inC. roseus
were all significantly downregulated at all time points after MeJA treat-
ment. CrWRKY8 and CrWRKY5 were upregulated after 1 h of MeJA
treatment and downregulated thereafter [47], and this phenomenonwas
without exception for AaWRKY1 in A. annua leaves [20].

In model plants, WRKY TF family is well recognized in SA and
defense signaling pathways. The major part of Arabidopsis WRKY
TFs are induced upon SA treatment [48,49]. Previously,MeJA-regulated

WRKY genes were found to be regulated by SA as well [42,50].
To support this idea, the expression analyses of PgWRKY1 in re-
sponse to SA were investigated. After this treatment (Fig. 11B), the
PgWRKY1 expression was induced by SA, but in different patterns.
The expression of PgWRKY1was decreased at 3 h and further down-
regulated at 6 h after treatment. However, the expression increased
from 12 h and reached the highest level (∼2.69-fold) at 36 h post-
treatment compared with the control. Finally, the transcripts of
PgWRKY1 were remarkably decreased during the next 48 h after
treatment (P < 0.01). The SA induction pattern of PgWRKY1 is simi-
lar to that of WRKYs from other plants. For instance, SA treatment
exhibited the best induction of OsWRKY71 in rice leaves at 30 min
and significantly decreased thereafter [51]. In some cases, SA also gen-
erated responses in abiotic stresses. TheMusaWRKY71 gene ofMusa
spp. cv. Karibale Monthan was shown to be induced rapidly in both
roots and leaves in response to cold, salt, and dehydration stresses
[22]. Together with these reports, our results indicated an interaction
between MeJA and SA signaling pathways and signified the import-
ance of the PgWRKY1 gene in plant defense responses.

Figure 7. Results of conserved domain analysis, transmembrane helices, and secondary structure of PgWRKY1 protein (A) Conserved domains analysis indicating

one conserved WRKY domain. (B) Transmembrane helices prediction via TMHMM server (version 2.0). Red bars show transmembrane, blue lines indicate inside,

andmagenta lines indicate outside. (C) The predicted secondary structure. Protein sequence is presented at the left side and the secondary structure is shown at the

right side. Alpha helix (Hh) is marked in blue, extended strand (Ee) in red, and random coil (Cc) in yellow.
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ABA is a stress hormone that also mediates plant responses to
abiotic stresses, including high salinity, drought, and low temperature.
Evidence showed that MeJA positively regulates AtWRKY18 and
AtWRKY40, which negatively regulate ABA response [52]. LtWRKY21
transcripts in vegetative tissues ofLarrea tridentate is induced uponABA
treatment and in response to various environment stresses such as water
deficit, wounding, drought, and salt stresses [53]. The transcripts of
GhWRKY 3/14/20/24/33/34 in cotton and OsWRKY24/51/71/72 in
rice were previously reported to be upregulated in roots by ABA treat-
ment [54,55]. In this study, PgWRKY1 expression was found to be in-
duced rapidly and robustly at the beginning of treatment with ABA
(Fig. 11C). The transcript level of PgWRKY1 increased rapidly and
peaked within 3 h (6.68-fold more than the control level). Then, the
expression decreased ∼558% at 6 h and 201% at 12 h post-treatment.
The transcript level ofPgWRKY1 increased slightly at 24 h and began to
decline again and returned to the control level within 36 h. Expressions
ofWRKY genes thatmay contribute to secondarymetabolites regulation

are predicted to be altered before early andmid-stages of the metabolites
biosynthesis pathway [47].

Salinity stress in soil or water is one of the most serious abiotic
stresses especially in arid and semi-arid regions that can severely
limit plant growth and crop yield, as well as affect the gene expression
in plants [56]. In addition, the salinity stresses are closely associated
with the ABA signaling network. Besides various hormones, salt
was also implicated in regulating WRKY gene expression. Both ABA
and NaCl have previously been reported to regulate the expression of
MusaWRKY71 in cotton and OsWRKYs in rice [22,42]. Taking this
view into account, PgWRKY1 expression analysis was carried out
upon NaCl treatment. Results showed that the induction pattern
was almost the same as that of the MusaWRKY71 and OsWRKY
genes expression. After this treatment (Fig. 11D), PgWRKY1 expres-
sion began to rise immediately at 3 h (2.34-fold) and maintained at
this level up to 6 h. Then, the PgWRKY1 expression level continually
declined and this trend lasted up to 48 h post-treatment until the

Figure 8. Different views of 3D structural model of the PgWRKY1 protein (A) Amino acid sequence of PgWRKY1. Grey (WRKY domain), yellow (WRKYmotif), and

blue (zinc-finger motif) marked portion were used in 3D structure. (B,C) Front view and side view of spacefil model, respectively, prepared by Phyre2 software. (D,E)

Front view and side view of strands model, respectively, designed by Phyre2 software. (F,G) Front view and side view of cartoons model, respectively, produced by

Swiss-Model software. The models were produced on the basis of the solution structure (36).
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original level was reached. The statistical analysis showed that the
expression change was extremely significant (P < 0.01) upon NaCl
treatment. Based on these results, PgWRKY1 gene can be presumed
as part of the complex signal networks regulating salt stress response
in P. ginseng.

Discussion

Based on the different DBDs, the TFs have been categorized into
different families or superfamilies, where the WRKY proteins are
plant-specific proteins involved in multiple functions of plant growth
and development [1,5,10]. In the past, however, a large number of
WRKY members and their novel functions and significances have
been identified mostly in model plants like A. thaliana and O. sativa
[9,10,57]. Moreover, in recent years, many WRKY genes have been
isolated and functionally characterized in medicinal plants such as
Coptis japonica, C. roseus, and A. annua [19,20,28]. The PqWRKY1
from P. quinquefolius represents the first discovery of WRKY TF in
Panax species [21]. In spite of pharmaceutical and industrial import-
ance associated with P. ginseng since ancient times, no study has been
carried out in the characterization and expression of any WRKY in
P. ginseng. Moreover, public databases for WRKY gene discovery
are not currently available for this species with the exception of a
few expressed sequence tags using the traditional Sanger sequencing
method. In addition, the large-sized tetraploid (2n = 4× = 48) and
highly complex genome of ∼3.2 Gb of this species [58] are big chal-
lenges for obtaining the whole genomic sequence using this traditional
method. As a result, the lack of genomic knowledge complicates the
analysis of WRKY gene family in P. ginseng, in particular the gene
structures and expression profiles. The completion of our transcrip-
tome sequence on this species based on the NGS technology [29]
has enabled comparative genomic studies as well as the identification
of new PgWRKY genes.

In this study, our Illumina/Solexa dataset on MeJA-treated
P. ginseng transcriptome was comprehensively searched for WRKY
unigenes. A total of 492 unigenes encoding TF proteins were identi-
fied, which represent three major TF families, namely WRKY, MYB,
and MYC. The WRKY family represents a large family in P. ginseng
with high number of unigenes (186), indicating that WRKYs might
have essential functions in many life processes of this species. There-
fore, by further analysis, a total of 48 promising transcripts encoding
PgWRKY proteins along with their expression levels upon MeJA

treatment were identified (Fig. 2B and Supplementary Table S2).
Our results indicated that the P. ginseng WRKY family is similar in
size to Cucumis sativus, Fragaria vesca, Jatropha curcas, Carica
papaya, andC. roseuswith 55, 56, 58, 66 and 52WRKYs, respectively
[7,47,59–61]. Panax quinquefolius is closely related to P. ginseng and
also produces pharmaceutically valuable ginsenosides. Forty-five
WRKY transcripts (16 Group I, 24 Group II, and 5 Group III) were
found in P. quinquefolius [21], close to the 48 WRKY transcripts
(11 Group I, 36 Group II, and 1 Group III) identified in P. ginseng.
Using unrooted phylogenetic analysis of the WRKY families in
P. ginseng, A. thaliana, and other plant species, these PgWRKY
genes were assigned into three groups (Fig. 1), which facilitated the
identification of specific subgroups and expansion process of the
WRKY genes as well. Group III WRKY TFs are believed to have dra-
matically expanded during the evolution of angiosperms and can be
classified into different subgroups depending on the species [62,49].
Panax quinquefolius contains five group III WRKY TFs that are in
subgroup III-a [21]. Only one group III WRKY TF was identified in
P. ginseng. Proportionally, the number of group III PgWRKY TFs is
smaller than that of P. quinquefolius, suggesting that this group has
not undergone significant expansion as occurred in American ginseng,
rice, and Arabidopsis [21,62]. The aligned amino acid sequences of 48
PgWRKYs revealed that WRKYGQK sequence motif across the
WRKY domains is conserved with the exception of ‘Unigene 19368
(WKKYDQK) ’ and ‘CL5364.Contig3 (WRKYGKK) ’ (Fig. 2A).
More evidence indicated that several plants hold variants of the highly
conserved WRKYGQK motif including WRKYGEK, WRKYGKK,
WRKYGSK, and WRKYGRK [1,47]. Variation in this motif can
reduce, alter, or eliminate DNA-binding activity of WRKY TFs. Previ-
ously, mutagenesis of the conserved glutamine was shown to reduce
but not eliminate DNA-binding [63]. Recently, AtWRKY50 was re-
ported to bind to the GAC core of the W-box with less preference
for 5′ or 3′ bases [64]. Therefore, both the WKKYDQK and
WRKYGKK variants identified in this study are anticipated to bind
with DNA. These results will be a potential resource to provide useful
PgWRKY candidates in support of genetic improvement of medicinal
traits and stress tolerance in P. ginseng and probably other ginseng
species.

Importantly, the PgWRKY1 (CL495.Contig5) containing the
complete coding sequence (CDS) and responding to MeJA in the Illu-
mina/Solexa dataset was selected for cloning, which provides more in-
sights into the expression patterns under SA, ABA, NaCl, or MeJA

Table 2. Prediction of PgWRKY1 protein function

Functional category Prob Odds Gene ontology category Prob Odds

Amino acid biosynthesis 0.011 0.500 Signal transducer 0.272 1.271
Co-factors biosynthesis 0.210 2.917 Receptor 0.008 0.047
Cell envelope 0.033 0.541 Hormone 0.114 17.538
Cellular processes 0.030 0.411 Structural Protein 0.003 0.107
Central intermediary metabolism 0.048 0.762 Transporter 0.043 0.394
Energy metabolism 0.035 – Ion Channel 0.079 1.386
Fatty acid metabolism 0.017 1.308 Voltage-gatedion channel 0.003 0.136
Proteins and pyrimidines 0.331 1.362 Cation channel 0.010 0.217
Regulatory functions 0.034 0.211 Transcription 0.031 0.242
Replication and transcription 0.020 0.075 – – –
Translation ≥0.071 1.614 Transcription regulation ≥0.031 0.248
Translation and binding 0.773 1.885 Stress response 0.223 2.534

Immune response 0.123 1.447
Growth factor 0.040 2.857
Metal ion transport 0.026 0.056
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treatments. Recently, the WRKY domains thought to be functional
units of WRKY proteins were shown to play an important role in
the regulation of various physiological processes of wheat in response
to various environmental stimuli [65]. Moreover, analysis on the 3D
structure of the C-terminal domain of AtWRKY4 has shown that the
conservedWRKYGQK sequences are strongly and directly involved in
DNA binding [36] and the substitution of each of the amino acids
from WRKYGQK residues with alanine decreased the DNA-binding
activity [66]. Thus, the PgWRKY1 protein sequence possesses one
conservedWRKY domain which includes a fully established invariant
WRKY motif (WRKYGQK) and a zinc-finger motif C2H2 in the cen-
ter of polypeptide (Fig. 4), indicating that PgWRKY1might have high

DNA-binding activity like other functional plantWRKYTFs. Further-
more, domain prediction of the deduced full-length protein also
clearly showed that PgWRKY1 contains one conserved WRKY-DBD
(Fig. 7A). To clarify the relationships among theWRKY-DBD regions,
we performed multiple alignment analysis of WRKY subgroup II-d
protein members from A. thaliana, O. sativa, and P. quinquefolius
(Fig. 5). The high sequence identities indicate that the amino acid re-
sidues are highly conserved amongWRKY proteins. Our phylogenetic
analysis (Fig. 6) showed that in the WRKY family, PgWRKY1,
PqWRKY1, and PcWRKY3 are highly homologous and show highly
similar features, indicating a possible functional similarity among
them.

Figure 9. Subcellular localization of PgWRKY1 protein The 35S::PgWRKY1:GFP gene and 35S::GFP control gene were introduced into onion and tobacco

epidermal cells by Agrobactrium rhizogenes injector. (A) Fluorescence image of 35S::PgWRKY1:GFP fusion protein from onion epidermal cells. Scale

bar = 200 µm. (B) Fluorescence image of 35S::GFP control construct from onion epidermal cells. Scale bar = 200 µm. (C) Fluorescence image of 35S::PgWRKY1:

GFP fusion protein from tobacco epidermal cells. Scale bar = 50 µm. (D) Fluorescence image of 35S::GFP control construct from tobacco epidermal cells. Scale

bar = 50 µm. GFP, DAPI, bright field, and merge (GFP and DAPI) in each fluorescence image shown as clock wise motion are demonstrated in the ‘plus icon’ at

the bottom.
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WRKYTFs have previously been reported to be a nucleus-targeted
protein and tissue-specific [28,33]. Similar to those plant WRKY fac-
tors, PgWRKY1 was also found to be localized in the nucleus (Fig. 9).
Expression analysis of PgWRKY1 in various tissues (Fig. 10) under
normal condition reveals that it is preferentially expressed in lateral
roots and roots compared with leaves, stems, and seeds, indicating
its possible importance for high valuable roots of P. ginseng. More-
over, the wide expressions of PgWRKY1 in various organs suggested
that it may play regulatory roles in multiple developmental stages of
P. ginseng tissues.

Gene expression analysis is essential for understanding the possible
biological functions of a gene. Hormones have been proved to affect
the expression of many genes and regulate a wide range of develop-
mental processes, as well as responses of plants to stresses. Several
WRKY genes from a number of plant species have been confirmed
to be upregulated by one or more phytohormones, including SA,
MeJA, ABA, and abiotic stress NaCl [40,55]. About 109 WRKY pro-
teins have been identified in rice [42,51], which mostly were involved
in responses to various hormones, biotic, and abiotic stresses. Besides,
the recently discovered PqWRKY1 in American ginseng was shown to
be up-egulated rapidly duringMeJA treatments [21]. Here, we tried to
demonstrate whether the expression profiles of PgWRKY1 are related

Figure 11. Expression profiles of PgWRKY1 in P. ginseng adventitious roots measured by qRT-PCR (A) Treatment with 200 µMMeJA. (B) Treatment with 200 µM

SA. (C) Treatment with 20 µM ABA. (D) Treatment with 50 µM NaCl. The adventitious roots treated with equal amount solvent of the corresponding chemicals were

used as a control (0, 3, 6, 12, 24, 36, and 48 h). The levels of PgWRKY1 transcript at different time points (0, 3, 6, 12, 24, 36, and 48 h) were analyzed by qRT-PCR. The

gene expression level in the treated samples was calculated based on the corresponding gene expression at 0 h using the 2−ΔΔtmethod. The error bars represent the

standard deviation (SD) from three independent experiments. The differences between the transcript level of treated adventitious roots and control adventitious

roots at 0 h are statistically significant (*P < 0.05, **P < 0.01) according to independent samples t-test.

Figure 10. Tissue-specific expression of PgWRKY1 in different organs of P.
ginseng analyzed by qRT-PCR Error bars indicate standard deviation (SD)

of means from three independent experiments. The relative expression was

calculated using the 2−ΔΔt method based on the corresponding gene

expression in leaf. The differences between the transcript level of lateral

roots, roots, leaves, stems, and seeds are statistically significant (*P < 0.05,

**P < 0.01) according to independent samples t-test.
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to various phytohormone treatments and NaCl stress. According to
our results, PgWRKY1 transcript was significantly upregulated by
the treatment with SA, ABA, and salt, but declined byMeJA treatment
(Fig. 11). The expression of PgWRKY1 uponMeJA treatment seemed
not similar to that of the PqWRKY1 expression, upon SA, ABA,
and salt treatments, respectively. However, it is noteworthy that
PgWRKY1 expression result is consistent with the result of ourMeJA-
treated adventitious root transcriptome expression dataset (Fig. 2B).
Previous studies reported that ABA, SA, and MeJA treatment resulted
in different trends of expression patterns. For example, GaWRKY1
from cotton and AtWRKY40 from Arabidopsis were found to nega-
tively regulate ABA response, but positively regulate MeJA responses
[52,67]. Moreover, it is also evident that the genes which were signifi-
cantly upregulated by SA were not shown to be induced upon MeJA
treatment and vice versa, which is consistent with the known antagon-
istic effect of MeJA and SA on gene expression [68]. The PgWRKY1
in this study was found to be upregulated after treatment with SA, but
downregulated uponMeJA treatment, which is also in agreement with
the above result. PgWRKY1 is the first TF gene that has been cloned
and preliminarily identified in P. ginseng as a multiple stress-inducible
gene in response to salt stress and several phytohormones. Moreover,
this work provides a fundamental knowledge that will help to further
elucidate the molecular mechanisms controlling the biosynthesis of
pharmaceutically valuable ginsenosides in P. ginseng and its closely
related species.
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