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Abstract

Background WRKY transcription factors play a vital role in regulating plant growth, development, and secondary
metabolism. Tripterygium wilfordii is a medicinal plant that has been widely utilized in rheumatoid arthritis therapy; it
contains triptolide, a prominent bioactive constituent exhibiting potent anti-inflammatory and anti-tumor properties.
However, the mechanism underlying the regulatory effects of WRKY on triptolide biosynthesis is poorly understood.

Results In this study, 95 TWWRKY genes were identified in the T. wilfordii genome, which were divided into three
groups. Phylogenetic analysis indicated that the TWWRKY were conservative relative to other plants. Collinearity
analysis revealed that gene duplications played a crucial role in the evolution of this gene family. Transcriptome

data from various plant tissues were integrated by correlation analysis, and a gene-to-metabolite network was
successfully mapped; consequently, 32 TwWWRKY genes were selected as potential regulators of triptolide biosynthesis.
Furthermore, the expression changes in the 32 TwWWRKY genes were analyzed following methyl jasmonate (MeJA)
induction, and the key candidates likely to regulate the biosynthesis of triptolide were screened. Finally, we performed
subcellular localization on the key candidate gene TW23G00056.1 and found that it plays its biological role in the
nucleus.

Conclusion Our study provides a valuable resource for further research on TWWRKY in T. wilfordii. The candidate
genes reported here lay the foundation for elucidating the regulatory mechanism of triptolide.
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Introduction

Tripterygium wilfordii, a significant member of the Celas-
traceae family within the genus Tripterygium, is widely
distributed across Eastern and Southern China, Korea,
and Japan [1]. This vine shrub, commonly known as Lei
Gong Teng, is a traditional medicine utilized in treating
rheumatism and skin disease and as a botanical insecti-
cide [2]. In Chinese mythology, Leigong is a God of thun-
der, reflecting the potency of this plant, which was first
recorded in the “Shennong Ben Cao Jing” during the Han
Dynasty. In addition, T. wilfordii contains multiple sec-
ondary metabolites, with triptolide showing significant
potential for pharmaceutical development [3].

Triptolide was discovered in 1972 as the first diter-
penoid triepoxide extracted from 7. wilfordii’s ethanol
extracts [4]. Owing to its unique molecular structure and
multiple therapeutic activities, extensive research has
been conducted to explore its therapeutic applications
[5]. Triptolide is the most powerful and broadly active
anti-inflammatory/immunomodulating natural prod-
uct ever discovered [6, 7] with a 100—200 times higher
potency compared to crude plant extracts [8]. In recent
years, researchers from all over the world have investi-
gated its anti-tumor, anti-fertility, antiproliferative, and
anti-cystogenesis effects [7, 9-11]. A large number of
studies have analyzed the therapeutic effects of triptolide
and its derivatives on various diseases, including rheu-
matoid arthritis, psoriatic arthritis, systemic lupus ery-
thematosus, nephritis, asthma, Behcet’s disease, organ
transplantation, and numerous forms of tumors [7,
12-17]. However, triptolide is extracted at a meager rate
of 6-16 ng/g [18], which underscores the necessity for
advancing our understanding of its biosynthetic pathway
and regulatory mechanisms to enhance its production
both in native plants and through heterologous systems.

The WRKY is one of the largest families of transcrip-
tion factors in the plant kingdom [19]. It plays a vital
role in regulating various biological processes, not only
in response to biotic and abiotic stresses but also in sec-
ondary metabolism regulation. For instance, AtWRKY18
and AtWRKY40 negatively regulate the expression of
defensive positive genes and increase the biosynthesis
of camalexin [20]. Another study revealed that overex-
pression of OsWRKY62 and OsWRKY76 enhanced plant
defense against rice blast and bacterial leaf blight disease
[21]. In recent years, researchers have also explored the
regulatory effects of WRKY transcription factors on sec-
ondary metabolisms, such as terpenoids; overexpression
of SmWRKY1 significantly upregulated the transcription
of pathway genes and production of tanshinone [22]. In
addition, CrWRKY1 positively regulated several key ter-
penoid indole alkaloid pathway genes [23]. A previous
study reported that the biosynthesis of maize terpenoid
phytoalexins was regulated by ZmWRKY79 by binding
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W-box or WLE cis-elements in the promoters of An2 and
ZmTPS6 [24].

Despite these advances, the transcriptional regulation
of the triptolide biosynthetic pathway remains incom-
pletely understood, especially the role of WRKY tran-
scription factors. Our study aims to bridge this gap by
identifying and characterizing a total of 95 TwWRKY
genes in the T wilfordii genome, analyzing their
sequence features, motifs, and bioinformatic character-
istics. Considering the established role of methyl jasmo-
nate (MeJA) in stimulating secondary metabolism and its
effect on most of the WRKY genes [25], transcriptomic
data from MeJA-induced samples were analyzed. These
analyses provide further insights into the MeJA-induced
changes in the expression patterns of TwWRKY genes
in suspension cells. Moreover, transcriptomic data from
tissue expression profiles were analyzed to determine
the TWWRKY-mediated regulatory networks involved in
triptolide biosynthesis. This study deepens our under-
standing of the role of WRKY in response to MeJA and
provides key regulators of triptolide biosynthesis.

Results

Identification of WRKY genes in the T. wilfordii genome

The ITAK program identified a total of 95 TwWRKY
genes in the genome of T. wilfordii based on the WRKY
domain (PF03106) [26]. Except for chromosome 5, a total
of 95 WRKY genes were distributed on the other 22 chro-
mosomes (Fig. 1). The TwWRKY genes are mostly dis-
tributed on chromosomes 4, 10, 13, 18, and 21, of which
chromosome 18 was the most distributed, with a total of
11 TwWRKYs. The 95 identified TWWRKY proteins had a
length ranging between 124 and 1059 amino acids, with a
molecular weight (mw) of 14.3 to 115.6 kDa. The isoelec-
tric point (pI) of these TWWRKYs ranged from 5.02 to
10.16, indicating that they were widely distributed in dif-
ferent microcellular environments (Table S1). Sequence
analysis of 95 WRKY proteins revealed that most WRKY
proteins had a conserved “WRKYGQK” motif, whereas
only a TWWRKY (TW04G00295.1) had a “WRKYGKK”
motif (Table S1). These results were consistent with pre-
vious studies reporting that the Q site in WRKYGQK was
preferentially mutated into K [27]. Therefore, WRKYs
are more conservative than other species, such as Salvia
miltiorrhiza [28] and soybean [27].

Phylogenetic analysis of the T. wilfordii WRKY family

To investigate the evolution and topological structure of
the WRKY protein family in T wilfordii, an ML phyloge-
netic tree was constructed using the JTTDCMut model
based on the 95 TwWRKY proteins and 72 AtWRKY
proteins (Fig. 2). All 95 TwWRKYs were unevenly clus-
tered into three groups [19]. Among them, 23 TwWRKY
proteins were categorized into Group I. The other 56
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Fig. 1 The chromosomal location of TWWRKYs in T. wilfordii. The chromosome number is shown on the left side of each chromosome, and the ID of each
TwWRKY is displayed on the right side of the chromosome. The color on the chromosome represents the gene density, with red representing high gene

density

TwWRKY proteins were assigned to Group II, which
contained only one WRKY domain and accounted for
58.9% of the total TWWRKYs. The 56 TwWRKY pro-
teins of Group II were further divided into five special-
ized subgroups (Group II a-e). Specifically, 4 TwWRKY
proteins were clustered into Group II-a, 13 TwWRKY
proteins were clustered into Group II-b, 20 TwWRKY
proteins were clustered into Group II-c, 6 TWWRKY pro-
teins were clustered into Group II-d, and 13 TwWRKY
proteins were clustered into Group II-e. The remain-
ing 16 TwWRKYs were categorized under Group IIL
This detailed analysis not only elucidates the evolution-
ary relationships among these TWWRKYs but also sheds
light on their potential functional diversification within
T. wilfordii.

Motif composition analysis of TWWRKY proteins
To further study the diversity and similarity of func-
tional regions among WRKY genes in T. wilfordii, 20

motifs in TWWRKY protein sequences were predicted by
the MEME online software (Fig. 3). The 20 motifs were
composed of 15 to 50 amino acids and most appeared
in special groups. Only two motifs (motif 1 and motif 2)
were common to all groups. Motif 1 was found to encode
the heptapeptide stretch WRKY domain, while motif
2 encoded the conserved zinc finger structure. Motif
17 and motif 19 were unique to group II-e, motif 8 was
unique to group II-b, motif 5 and motif 7 only appeared
in groups II-a and II-b, motif 9 only appeared in groups
II-d and II-e, and motif 13 only appeared in groups II-d
and III. Concurrently, the groups with the same motifs
were all adjacent in the phylogenetic tree.

Collinearity analysis of WRKY genes

Expansion of gene families may drive the evolution of
gene families [29, 30]. Therefore, duplication event anal-
ysis of the TwWRKY genes was performed using MCS-
canX, revealing a total of 98 segmental-duplicated gene
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Fig. 2 Maximum likelihood (ML) tree of the WRKY proteins from T. wilfordii (black) and Arabidopsis thaliana (green). The tree was constructed from amino
sequences using phylosuite software using the IQ-TREE program. Different colored branches represent different groups/subgroups

pairs on the T. wilfordii chromosomes, as shown in
Fig. 4. In addition, gene tandem duplication was detected
in the TwWRKY genes to investigate other potential
gene amplification mechanisms in the WRKY family.
Finally, five gene pairs showing gene tandem duplica-
tions were detected in the WRKY gene family, including
TW03G01070.1/TW03G01071.1, TW04G00075.1/
TW04G00076.1, TW13G01303.1/TW13G01304.1,
TW18G00466.1/TW18G00467.1, and TW20G00406.1/
TW20G00407.1.

To further explore the evolution of TwWWRKY genes,
collinearity analysis was performed on the WRKY genes
of T. wilfordii and five other plants, including mono-
cotyledonous and dicotyledonous species closely and
distantly related to T. wilfordii. Collinearity analysis
identified 207 pairs of homologous WRKY genes on the
chromosomes of T. wilfordii and Populus trichocarpa,
including 82 TwWRKYs. Specifically, 113 pairs of homol-
ogous WRKY genes were found on the chromosomes
of T. wilfordii and A. thaliana, including 75 TwWRKYs;
a total of 115 pairs of homologous WRKY genes were
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Fig. 4 Segmental duplication events and inter-chromosomal relationships between TwWRKY genes. The gray lines indicate all collinear blocks in the T.

wilfordii genome. The red lines indicate TwWRKY segmental duplication genes

detected on the chromosomes of T. wilfordii and Salvia
miltiorrhiza, including 72 TwWRKYs. Furthermore, 123
pairs of homologous WRKY genes were found on the
chromosomes of T. wilfordii and Vitis vinifera, including
76 TwWRKYs; a total of 20 pairs of homologous WRKY
genes were located on the chromosomes of T. wilfordii
and Zea mays, including 11 TwWRKYs (Fig. 5). These
findings suggest that WGD and segmental duplication
play an essential role in the evolution of the TwWRKY
gene family.

Expression analysis of TWWRKY genes in tissues

The presence of active ingredients in plants, such as trip-
tolide [31], celastrol [32], and tanshinone [33], is usually
tissue-specific. Growing evidence indicates that genes
related to the biosynthesis of active components also
show tissue-specific expression patterns [31, 34, 35].
To explore the potential role of TWWRKYs in triptolide
biosynthesis, the expression of 95 TwWRKY genes was
detected in various tissues (leaf, root bark, root phloem,
root xylem, stem bark, peeled stem, and flower) from
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Fig. 5 Collinearity analysis of WRKY genes in the chromosomes of T. wilfordii and five other representative species

transcriptome data [31]. 95 TwWRKY genes were spe-
cifically expressed in different plant tissues (Fig. 6),
highlighting their diverse functions in T. wilfordii. All
TwWRKY genes were divided into several clusters, with
20 TwWRKY genes being most highly expressed in root
bark, which was consistent with the content of trip-
tolide in T. wilfordii [31]. Additionally, high expression of
TwWRKY was primarily found in stem bark and peeled
stems (Table S2), which suggested that the WRKY gene
plays a more important role in these two tissues.

Integration of metabolites accumulation and gene
expression analysis

To gain further insight into the regulation of TwWRKY
genes in triptolide biosynthesis, a correlation network
analysis was conducted to create a co-regulation pattern
of metabolite-to-gene for various tissues. 32 compounds
enriched in roots were selected as yet-unknown inter-
mediates or side compounds of the triptolide pathway, as
detailed in our previous studies [31]. Subsequently, the
Pearson correlation coefficient was calculated between
metabolites and genes with a correlation coefficient >0.7
as the cutoff value in tissues (Fig. 7).

A total of 32 TwWRKY genes in the regulation net-
work of tissues were strongly correlated with compounds
related to triptolide biosynthesis (Fig. 7). Interestingly,
of the 32 TwWWRKY genes found in the tissue network
regulation, 8 TwWRKY genes belonged to Group II-c, 6
TwWRKY genes belonged to Group I, 6 TwWRKY genes
belonged to Group II-b, 4 TwWRKY genes belonged to
Group II-d, 3 TwWRKY genes belonged to Group Il-e, 3
TwWRKY genes belonged to Group III, and 2 TwWRKY

genes belonged to Group II-a. These results indicate that
TwWRKY genes in Group II-c were most closely associ-
ated with triptolide biosynthesis and were likely the key
regulatory group of triptolide biosynthesis.

Furthermore, the tissues regulation networks
revealed that two TwWRKY genes (TW06G00089.1,
TW23G00056.1) were strongly correlated with almost
all compounds, including triptolide and triptophenolide.
The correlation coefficients between T'W06G00089.1
with triptolide and triptophenolide in the tissue regula-
tion network were 0.767 and 0.792, respectively. The
correlation coefficients between TW23G00056.1 with
triptolide and triptophenolide were 0.811, and 0.821,
which may regulate and promote triptolide biosynthesis.

Expression analysis of TwWWRKY genes in response to MeJA

Previous studies reported that MeJA could induce terpe-
noids and WRKY genes [36—39]. To gain a deeper under-
standing of the role of WRKY genes in the biosynthesis of
triptolide, the expression of TwWRKY genes was analyzed
after induction by MeJA. After 48 h of MeJA induction, a
significant increase was observed in cellular levels of trip-
tolide and its biosynthetic intermediate, triptophenolide
[31]. Additionally, most genes involved in the triptolide
biosynthetic pathway showed significant changes within
48 h [31]. Therefore, the expression of the WRKY gene,
which regulates the triptolide pathway genes, should
respond to MeJA treatment earlier than 48 h. To test this
hypothesis, we analyzed transcriptome data at O h, 4 h,
12 h, 24 h, and 48 h post-MeJA induction in suspension
cells. This analysis was aimed to investigate the tran-
scriptional changes of 32 TwWRKY genes and to identify
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potential candidate TWWRKYs that respond to MeJA and
may regulate the triptolide biosynthetic pathway genes
(Fig. 8). Compared with the control group, the results
showed that 11 of 32 TwWRKY genes were up-regulated
after MeJA induction. Among them, TW03G01107.1,
TW04G00647.1, TW13G00001.1, TWI17G00083.1, and
TW23G00056.1, were the most probable candidates for
positively regulating triptolide biosynthesis. In contrast,
13 TwWRKY genes were down-regulated, including
TW02G00847.1, TW06G00252.1, TW07G00767.1, and
TW12G00751.1, which were candidates for negatively
regulating triptolide biosynthesis.

Subcellular localization analysis of TWWRKY

To date, the subcellular localization of TWWRKY pro-
teins remains unclear. Based on comprehensive gene
expression profiles and correlation network analysis,
TW23G00056.1 was identified as a candidate for subcel-
lular localization studies. To explore its biological activity,
the full-length protein sequence of TW23G00056.1 fused
to the N-terminus of the GFP was transformed into Ara-
bidopsis protoplasts. The pAN580-GFP vector was used
as the control and the fluorescence of the control GFP
was distributed throughout the cell. NLS-mkate acted
as the nuclear localization marker to observe whether
TW23G00056.1 localizes within the nucleus. Finally, the
fluorescence of pAN580-TW23G00056.1-GFP is specifi-
cally observed in the nucleus (Fig. 9). This finding indi-
cates that TW23G00056.1 is localized to the nucleus.

Discussion

T. wilfordii has attracted significant interest due to its
remarkable pharmacological potential and diverse sec-
ondary metabolites. Notably, triptolide, a potent diter-
penoid extracted from this plant, exhibits remarkable
efficacy against a broad spectrum of cancer types, espe-
cially pancreatic cancer cells [15, 40]. Despite its prom-
ising therapeutic properties, the scarcity of triptolide in
both its natural plant form and suspension cell cultures
presents a significant challenge, limiting further phar-
maceutical exploration and application due to supply
constraints. Consequently, various techniques have been
applied to increase the production of triptolide, includ-
ing metabolic engineering and chemical synthesis. This
study combined genomic and transcriptomic data of
T. wilfordii, focusing on the regulatory mechanisms of
WRKY transcription factors on triptolide biosynthesis.
This study aims to identify new avenues for enhancing
the production of this valuable compound.

Although WRKY plays a vital role in the biosynthesis
of secondary metabolism, the regulation of triptolide bio-
synthesis by WRKY remains largely unknown. Therefore,
a comprehensive analysis was conducted to investigate
the WRKY family in T. wilfordii. This study identified
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95 TwWRKY genes through genomic data, which were
unevenly dispersed across 22 chromosomes, except chro-
mosome 5. The protein sequence analysis showed that
the WRKY proteins in T. wilfordii were relatively conser-
vative, and only one “WRKYGQK” motif of TWWRKY
was mutated to “WRKYGKK’, which may affect the bind-
ing of cis-elements and regulatory function [41]. Subse-
quently, these 95 TWWRKY proteins were classified into
three distinct groups based on the ML phylogenetic tree.
Notably, group II emerged as the predominant cluster,
harboring 5 subfamilies and accounting for 58.9% of all
classified genes. These findings were similar to other spe-
cies, such as 58% in A. thaliana [19]. The phylogenetic
framework not only reveals evolutionary relationships
but also facilitates the targeted identification of genes
implicated in specific biological processes. AtWRKY18
and AtWRKY40 have been demonstrated to regulate
the expression of DXS, DXR, GGPPS, and CPS genes
in the MEP-dependent pathway [42]. Diterpenoids are
primarily synthesized through the MEP pathway [43].
Triptolide, the most significant diterpenoid compound
found in T. wilfordii, has been reported to have its con-
tent influenced by the expression levels of TwDXS [44],
TwDXR [45], TwGGPPS [46], and TwCPS1/4 [47]. Phy-
logenetic tree construction has been a common method
for studying gene evolution and gene function prediction,

and neighboring genes often have similar functions [48—
50]. Consequently, four TwWRKYs (TW04G00075.1,
TW04G00076.1, TW09G01430.1, and TW10G00795.1),
which belong to group II-a and were closely related to
AtWRKY18 and AtWRKY40, may play a role in the bio-
synthesis of diterpenoids similar to AtWRKY18 and
AtWRKY40. However, as shown in Fig. 7, only two of
these four genes, TW04G00075.1 and TW04G00076.1,
exhibited strong correlations (r>0.7) with compounds
associated with triptolide biosynthesis. Notably, the white
line representing TW04G00076.1 and triptolide indi-
cates a significant negative correlation (Fig. 7). Addition-
ally, the expression of TW04G00076.1 was significantly
down-regulated after MeJA induction (Fig. 8), which
contrasts with the accumulation pattern of triptolide.
These findings lead us to speculate that TW04G00076.1
may play a crucial role as a negative regulator of trip-
tolide biosynthesis.

The primary aim of this study was to identify potential
TwWRKY genes involved in the biosynthesis of triptolide.
Gene expression levels for 95 TwWRKYs were obtained
by analyzing available transcriptome datasets. Significant
differences in the expression of some TwWRKY transcrip-
tion factors were observed in tissues and suspension cells.
Almost all TwWRKY genes were expressed in tissues, but
some TwWRKYs were notably silent in suspension cells.
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These WRKY genes may be related to the existing state  of triptolide biosynthesis within the tissue network. As
of plants, such as TWO08G00058.1, which was highly = shown in Figs. 7, 32 TWWRKYs were found to potentially
expressed in leaves and peeled stems but not in suspen-  regulate triptolide biosynthesis, with particular empha-
sion cells under all conditions, suggesting its potential sis on TW06G00089.1 and TW23G00056.1. These two
involvement in tissue-specific functions. Moreover, tis-  genes displayed robust correlations with almost all com-
sue transcriptomes were explored to construct gene-to-  pounds, including triptolide and triptophenolide, in the
metabolite correlation networks, uncovering a subset of  tissue regulatory network. Importantly, TW23G00056.1
TwWRKY genes that were strongly associated with diter-  was significantly upregulated following MeJA induction.
penoids involved in the triptolide biosynthesis. Notably, = Subcellular localization experiments have demonstrated
group II-c members emerged as the closest associates  that TW23G00056.1 is localized within the nucleus. This
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Fig. 9 Subcellular localization of the TW23G00056.1 protein. Green fluorescence represents the GFP signal and red fluorescence indicates nuclear local-

ization marker (NLS-mkate). Scale bars=10 pm

finding suggests that, like most WRKY genes involved
in regulating gene expression [51-54], TW23G00056.1
likely performs its transcriptional regulatory function
within the nuclear environment. Given that the genes
involved in the triptolide biosynthetic pathway are dis-
tributed on different chromosomes in the nucleus [31,
55], the result of subcellular localization further supports
our hypothesis that TW23G00056.1 may act as a key fac-
tor in regulating the biosynthetic pathway genes of trip-
tolide in the nucleus.

In summary, while deciphering the regulatory mecha-
nism of biosynthetic pathways of triptolide remains a
formidable challenge, this study identified candidate
TwWRKYs, contributing to future investigations into the
roles of TWWRKYs in triptolide biosynthesis. Our find-
ings facilitate the genetic improvement of 7. wilfordii to
increase the yield of triptolide in the future.

Materials and methods

Identification of TWWRKY genes

The T wilfordii genome was downloaded from the
National Center for Biotechnology Information (NCBI)
database (accession number: JAAAROO000000000).
TwWRKYs were annotated using the ITAK program (htt
p://itak.feilab.net/cgi-bin/itak/index.cgi) [26], which iden
tified WRKY genes based on required domain (PF03106).
Finally, 95 WRKY genes were identified in the T. wilfordii
genome. The molecular weight (mw) and theoretical iso-
electric point (pI) of TWWRKYs were predicted using the
ProtParam tool on the ExPASy server (https://web.expasy
.org/protparam/).

Multiple sequence alignment, maximum likelihood tree,
and motif analysis
The protein sequences of 72 AtWRKYs were downloaded
from the Arabidopsis Information Resources (TAIR:
http://www.Arabidopsis.org/). The multiple sequence
alignment of all WRKY genes in T. wilfordii and Ara-
bidopsis thaliana was performed using the MAFFT
program in phylosuite software. Subsequently, the phylo-
genetic tree was constructed using the maximum likeli-
hood method (bootstrap test was replicated 10000 times)
using the IQ-TREE program in phylosuite software.
MEME online software (http://meme-suite.org/tools/
meme) was employed to predict the conserved motifs for
all TwWRKY genes. The following parameters were set:
20 motifs with Any Number of Repetitions (anr), and an
optimal motif width of 8 to 50 residues.

Gene localization, gene duplication, and collinearity
analysis

Chromosomal localization of the TwWRKY genes was
performed using T. wilfordii genome data and visual-
ized by the TBtools software [56]. Subsequently, MCS-
canX software was utilized for gene duplication analysis
to explore the evolutionary mechanisms of TwWRKY
genes. The results were visualized using Circos software
in TBtools [56]. Among the other species with published
genomes, Populus trichocarpa was selected due to its
close relation to T wilfordii. Moreover, the more distantly
related Salvia miltiorrhiza, Arabidopsis thaliana, Vitis
vinifera, and Zea mays were selected for collinearity anal-
ysis using MCScanX in TBtools [56].
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Expression analysis of MeJA-induced suspension cells and
various tissues

Previous studies have reported that MeJA can upregu-
late terpenoid biosynthesis and WRKY gene expression
[36—39]. Given that triptolide exhibits tissue-specific dis-
tribution patterns [31], we selected tissue-specific tran-
scriptomes and MeJA-induced cell transcriptomes to
further analyze the expression profiles of WRKY genes,
aiming to identify key WRKY regulators involved in the
biosynthesis of triptolide. Transcriptome data of MeJA-
induced suspension cells and different tissues were pre-
viously uploaded to the SRA database (https://www.ncb
i.nlm.nih.gov/sra), including SRX7094753, SRX7094754,
SRX7094755, SRX7094756, SRX7094757, SRX7094758,
SRX7094759, SRX7094760, SRX7094761, SRX7094763,
SRX7094764, SRX7094765, SRX7094766, SRX7094767,
SRX7094768, SRX7094782, SRX7094783, SRX7094784,
SRX7094785, SRX7094786, SRX7094788, SRX7094790,
SRX7094791, SRX7094792, SRX7094793, SRX7094794,
SRX7094795, SRX7094739, SRX7094740, SRX7094751,
SRX7094762, SRX7094776, SRX7094787, SRX7094798,
SRX7094771, SRX7094772, SRX7094749, SRX7094750,
SRX7094752, SRX7094773, SRX7094741, SRX7094742,
SRX7094743, SRX7094744, SRX7094745, SRX7094746,
SRX7094747, and SRX7094748 [31]. The expression pro-
files of TWWRKY genes were mapped with TwWRKY
gene nucleotide sequence using TopHat2 [57]. Fur-
thermore, the expression level (RPKM value) for each
TwWRKY gene was calculated by HTSeq [58] using
default parameters. Then, DESeq2 [59] was used to nor-
malize gene expression (BaseMean) in each sample, and
an adjusted p-value<0.05 was used to identify differen-
tially expressed genes (DEGs) between groups.

Correlation network analysis for triptolide and TWWRKY
genes

Gene-to-metabolite regulatory networks were con-
structed by integrating datasets of metabolite accumula-
tion and gene expression, following previously reported
methodologies [60]. The metabolite data were obtained
using the UPLC/Q-TOF MS from previous study [31]
and are available from the corresponding author on
reasonable request. We selected 32 metabolite peaks
that exhibited significant changes by MeJA treatment
(p<0.01, max-fold change>2, m/z range: 295-400) and
showed the highest abundance in roots. These metabo-
lite peaks were considered potential intermediates or
side compounds of the triptolide biosynthetic pathway
[31]. The Pearson correlation coefficient was calculated
between each set of variables (either gene or metabolite)
using MATLAB R2019b with a p-value <0.05. Finally, the
regulation networks of metabolites and TwWWRKY genes
were analyzed by Cytoscape software [61].
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Subcellular localization

The ORF (open reading frame) of TW23G00056.1 was
amplified by polymerase chain reaction (PCR) using the
Phusion high-fidelity PCR master mix (New England
BioLabs, MA, USA) with specific primers from ¢cDNA
of T wilfordii. Thereafter, the PCR product was ligated
into the pEASY-Blunt Zero vector (TransGen Biotech-
nology, Beijing, China) and sequenced. The correct gene
sequence of TW23G00056.1 was fused to the N-termi-
nus of the green fluorescent protein (GFP) and ligated
into the pAN580 vector. The pAN580-GFP was used as
the control and the pAN580-NLS-mkate was selected as
a marker for nuclear localization. Both pAN580-GFP/
pAN580-NLS-mkate and pAN580-TW23G00056.1-GFP/
PANS580-NLS-mkate were transformed into Arabidopsis
protoplasts and the fluorescence was observed after incu-
bation in darkness at 24 °C for 18—24 h.

Abbreviations
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NCBI National Center for Biotechnology Information
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