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Abstract

Background Paclitaxel (Taxol) is an invaluable secondary metabolite extracted from Taxus species, wildly utilized in cancer
therapeutics. Salicylic acid (SA), an important phytohormone, substantially elevates paclitaxel accumulation in Taxus cell sus-
pension cultures. However, the molecular mechanisms governing SA-induced modulation of paclitaxel biosynthesis remain
poorly elucidated. Our previous studies identified TcMYB73, an SA-responsive R2R3-MYB transcription factor (TF), which dem-
onstrates a robust positive correlation with paclitaxel biosynthesis, implying its orchestrating role in this metabolic pathway.

Results Expression pattern analysis revealed that TcMYB73 displays predominant expression in lateral roots. Both
overexpression and RNA interference (RNAI) of TcMYB73 demonstrated its regulatory function in modulating key
paclitaxel biosynthetic genes, including taxadiene synthase (TASY), 10-deacetylbaccatin Ill-10-O-acetyltransferase (DBAT),
and 3-N-debenzoyl-2"-deoxytaxol-N-benzoyltransferase (DBTNBT). Transient TcMYB73 overexpression in Taxus chinensis
(T. chinensis) needles induced 2.38-, 2.87-, and 1.79-fold increases in 10-DAB, baccatin lll, and paclitaxel accumula-
tion, respectively, compared to controls. Additionally, yeast one-hybrid (Y1H), Electrophoretic Mobility Shift Assay
(EMSA), chromatin immunoprecipitation-quantitative PCR (ChIP-gPCR), and dual-luciferase (Dual-LUC) assays veri-
fied that TcMYB73 directly binds to MYB recognition elements in the T1T00H promoter, enhancing its transcription.
Furthermore, TcWRKY33, a transcriptional activator of DBAT, functions as a positive regulator mediating SA signaling
within the paclitaxel biosynthetic pathway. Subsequent investigations validated that TcMYB73 upregulates DBAT
expression via direct transcriptional activation of TcWRKY33. Collectively, these results demonstrate that TcMYB73
transduces SA signals to T1T00H and TcWRKY33, coordinately regulating paclitaxel biosynthesis through dual mecha-
nisms: direct activation of biosynthetic genes and indirect modulation of upstream regulators.

Conclusions Our results indicated that the SA-responsive R2R3-MYB TF, TcMYB73 transcriptionally governs paclitaxel
biosynthesis in T. chinensis through direct activation the expression of the T100H gene, and activating Tc\/WRKY33
expression, thereby modulating DBAT expression. This study provides mechanistic insights into the role of TcMYB73
in mediating SA-induced transcriptional regulation of paclitaxel biosynthesis in Taxus species.
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Background

Paclitaxel, marketed as Taxol® is a renowned broad-
spectrum chemotherapeutic agent employed as a first-
line treatment for various solid malignancies, including
breast, ovarian and lung cancers [1, 2]. This specialized
diterpenoid compound is primarily isolated from yews
(Taxus spp.), a genus of coniferous plants with signifi-
cant medicinal value. However, akin to the productions
of other plant-derived secondary metabolites such as
vinblastine and artemisinin, paclitaxel occurs in minute
quantities within Taxus tissues, yielding merely 40 mg
per kilogram of bark [3]. Moreover, the chemical syn-
thesis of paclitaxel, a molecular structure ranked among
the most intricate plant-derived compounds, remains
economically unfeasible [4]. Contemporary industrial
production predominantly employs a semi-synthetic
methodology, leveraging precursors like baccatin III and
10-deacetyl-baccatin III (10-DAB) sourced from Taxus
cell cultures or unprocessed biomass, followed by cata-
lytic conversion into the active pharmaceutical ingredient
[5]. Projections estimate over 28 million new cancer diag-
noses globally within the next two decades [6]. Despite
its utility, the semi-synthesis strategy, constrained by reli-
ance on slow-growing Taxus specimens and labor-inten-
sive cell cultures, fails to satisfy the escalating demand for
this potent oncotherapeutic [7]. Alternative approaches,
such as Taxus cell culture biomanufacturing, offer funda-
mental prospects for scalable production. Nevertheless,
transformative progress in resolving paclitaxel supply
limitations hinges critically on elucidating the transcrip-
tional regulation orchestrating its intricate biosynthetic
pathway.

The paclitaxel biosynthetic pathway comprises approxi-
mately 20 enzymatic reactions initiated from gera-
nylgeranyl pyrophosphate (GGPP), stratified into early,
intermediate, and late stages. During the early phase,
taxadiene synthase catalyzes the diterpenoid precur-
sor GGPP into taxadiene (taxa-4(5),11(12)-diene,15), a
foundational C20 terpenoid scaffold [8]. Subsequently,
taxadiene undergoes sequential modifications in the
intermediate stage via a conserved series of enzymes:
2a-, 5a-, 7B-, 9a-, 10B-, and 13a-hydroxylases, taxadi-
enol 5a-O-acetyl transferase (TAT) and 10-deacetylbac-
catin III 10-O-acetyltransferase (DBAT), culminating
in the synthesis of the core intermediate baccatin III
[9]. The terminal biosynthetic phase involves two criti-
cal processes: (1) generation of the side-chain precur-
sor by phenylalanine aminomutase (PAM), activated via
B-phenylalanine-CoA ligase-mediated conjugation to
coenzyme A (CoA), and (2) stereospecific coupling of the
side chain to baccatin III by baccatin III:3-animo-3-phe-
nylpropanoyl transferase (BAPT), yielding 3’-N-dehy-
droxydebenzoylpaclitaxel. Final maturation of paclitaxel
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requires C2’-position hydroxylation by a cytochrome
P450 hydroxylase, followed by regiospecific benzoylation
via 3’-N-debenzoyl-2’-deoxytaxol-N-benzoyltransferase
(DBTNBT) [9]. Recent advancements, including high-
quality chromosome-level Taxus reference genomes [10—
12], and transcriptomic profiling of paclitaxel pathway
genes, have elucidated critical nodes in this orchestrated
biosynthetic cascade [7, 13, 14]. Consequently, decipher-
ing the transcriptional regulation governing paclitaxel
biosynthesis represents a pivotal frontier with transform-
ative potential for addressing global supply constraints.
The phytohormones salicylic acid (SA) and jasmonic
acid (JA) are essential plant hormones that mediate
immunity against pathogens [15]. Paclitaxel, a valu-
able secondary metabolite, serves as a crucial defense
compound in Taxus plants, protecting against patho-
gen invasion and herbivory [16]. It is well-established
that methyl jasmonate (MeJA) elicitation in Taxus cell
cultures induces a broad upregulation of paclitaxel bio-
synthesis [17, 18]. Nearly all genes in the paclitaxel
bioynthesis pathway, except for GGPPS and CoA Ligase,
are markedly upregulated following JA elicitation [19].
To date, a series of transcription factors belonging to the
WRKY, bHLH and ERF families have been implicated in
the MeJA signaling cascade, where they orchestrate the
expression of paclitaxel biosynthesis genes. Within the
WRKY family, Li et al. [20] demonstrated that TcCWRKY1,
belongs to group I of the WRKY family, binds to two
W-box motifs in the DBAT promoter region, potentiating
its expression in T. chinensis. Similarly, TCWRKY26 (also
a group I WRKY TF), directly regulates DBAT and forms
a TcJAV3-TcWRKY26 complex, medicating an alterna-
tive JA signaling pathway involved in paclitaxel biosyn-
thesis [21]. In the bHLH family, JAMYCI, JAMYC2, and
JAMYC4 in T. cuspidata exhibit the capacity to suppress
genes, such as BAPT, via binding to G and E-boxes [22].
Conversely, TcMYC2a in T. chinensis robustly regulates
TASY by interacting with G-like boxes in its promoter.
Among ERF TFs, two factors: TcERF12 (a repressor)
and TcERF15 (an activator) modulate paclitaxel bio-
synthesis by targeting GCC-box elements on the TASY
promoter [23]. Additionally, SA, is a recognized elici-
tor of paclitaxel biosynthesis [24, 25]. In response to SA,
genes associated with paclitaxel biosynthesis are upreg-
ulated, resulting in significant accumulation of pacli-
taxel in Taxus cells [24—26]. For instance, Yu et al. [25].
demonstrated that supplementing 7. chinensis cell cul-
tures with SA (60 mg/L) and a fungal elicitor (50 mg/L)
elevated paclitaxel levels to 11.5 mg/L, a 7.5-fold increase
compared to the control. Similarly, Marziyeh et al. [26]
observed that pre-treatment of T. baccata cell cultures
with SA (5 mM) in a 2% glucose medium enhanced pacli-
taxel production by 5.1-fold and total taxanes by 3.5-fold.
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To date, only one transcription factor, TcWRKY33, has
been identified as involved in the SA signaling pathway,
where it potentially regulates paclitaxel biosynthetic gene
expression. In 7. chinensis, TCWRKY33 promotes pacli-
taxel accumulation by directly activating the expressions
of DBAT and the TASY activator TcERF15 [27]. Further-
more, miR5298b has been implicated in SA-mediated
regulation of paclitaxel biosynthesis. TcNPR3, a homolog
of the SA receptor AtNPR3/4 is strongly induced by SA;
miR5298b cleaves TcNPR3 mRNA, attenuating the inhib-
itory effect of the TC(NPR3-TcTGA6 complex and thereby
enhancing paclitaxel biosynthesis [28, 29]. Neverthe-
less, the SA-mediated regulatory mechanisms governing
paclitaxel production in Taxus spp. remain incompletely
elucidated.

MYB transcription factors, representing one of the
largest TF families in plants, possess a highly con-
served DNA-binding domain termed the MYB domain
[30]. MYB proteins are categorized into four structural
classes based on the number and arrangement of tan-
dem repeats: IR-MYB (R1/R2- and R3-MYB), 2R-MYB
(R2R3-MYB), 3R-MYB (R1R2R3-MYB) and 4R-MYB
(RIR2R2R1/2-MYB) [30]. R2R3-MYBs, which constitute
the majority of MYB members, are implicated in diverse
physiological processes, including primary and second-
ary metabolism, hormone signaling, and responses to
biotic/abiotic stress. Notably, R2R3-MYB TFs exert piv-
otal regulatory roles in the biosynthesis and accumula-
tion of specialized metabolites in medicinal plants [31].
Several R2R3-MYBs are involve in SA-mediated regula-
tion of secondary metabolite biosynthesis. For instance,
CaMYB31, a R2R3-MYB TF in Capsicum annuum,
responds to SA signaling and acts as a positive regulator
of capsaicinoid biosynthesis [32]. In Taxus species, R2R3-
MYB TFs also linked to paclitaxel biosynthesis [33—36].
Three members: TmMYB3, TcMYB29a and TmMYB39,
function as transcriptional activators of this pathway [33—
35]. TmMYB3, a phloem-specific R2R3-MYB TF isolated
from T. media, enhances paclitaxel production by upreg-
ulating TmTBT and TmTS expression [33]. TcMYB29a
from T. chininesis binds the T50H promoter, promoting
paclitaxel biosynthesis via ABA signaling [34]. Yu et al
[35] identified TmMYB39, a female-specific R2R3-MYB
in T media, which directly activates paclitaxel biosyn-
thesis genes (ITmGGPPS, TmT13aH, TmTI0BH, and
TmTBT). Yeast two-hybrid (Y2H) and bimolecular fluo-
rescence complementation (BiFC) assays revealed that
TmMYB39 interacts with TmbHLH13 to form a heter-
odimeric complex, improving TmGGPPS and TmT108H
promoter activity, thus highlighting its role in transcrip-
tional regulation via MYB-bHLH module. Additionally,
endodermal cell-specific MYB47 is a putative activator of
paclitaxel biosynthesis [37]. However, the SA-mediated
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transcriptional networks governing paclitaxel biosynthe-
sis remain poorly characterized. Elucidating these mech-
anisms in Taxus species is critical for optimizing the
utilization of taxane-producing plant resources.

In our previous research, we analyzed the transcrip-
tomic responses of T. chinensis cell cultures to fungal
elicitors and identified a nuclear-localized R2R3-MYB
transcription factor, TcMYB73, which exhibited a strong
correlation with paclitaxel biosynthesis, suggesting its
regulatory potential in this pathway. In the present study,
we investigated the functional role of TcMYB73 in mod-
ulating paclitaxel biosynthesis. TcMYB73 is inducted by
SA elicitation and its impact on taxane accumulation was
validated through overexpression and RNAi experiments.
The expression patterns of TcMYB73 and transcript levels
of paclitaxel pathway genes were quantified via quantita-
tive real-time PCR (qPCR). To elucidate the molecular
mechanisms, we employed YIH, EMSA, ChIP-qPCR and
dual-luciferase reporter systems. These approaches
revealed that TcMYB73 directly binds to the promoters
of paclitaxel-biosynthesis related genes, activating their
transcription. This study broadens our understanding
of the regulatory roles of R2R3-MYB TFs, particularly
TcMYB73, in medicating SA signaling to enhance pacli-
taxel biosynthesis in Taxus spp. Our findings underscore
its significance as a transcriptional activator and provide
novel insights into the SA-linked regulatory network gov-
erning taxane production.

Results

TcMYB73 is a nuclear-localized SA-Responsive
R2R3-MYBtranscription factor highly expressed in lateral
roots

TcMYB73 encodes a 233 amino acid protein with a pre-
dicted molecular weight of 26.79 kDa and a theoretical
pl of 7.69. Sequence alignment revealed that the puta-
tive TcMYB73 contains two conserved R motifs in its
N-terminal region, classifying it as an R2R3-MYB pro-
tein. To contextualize its evolutionary significance,
a BLAST search against the SWISS-Prot database
showed that TcMYB73 shares the highest sequence
similarity (64.03%) with T. chinensis R2R3 transcription
factors 47 (QHG11475.1). Furthermore, phylogenetic
analysis revealed a greater similarity among TcMYB73,
TcMYB65, and TcMYB47 (Fig. 1a). To resolve broader
evolutionary relationships, a neighbor-joining phyloge-
netic tree was generated using MEGA11.0, incorporat-
ing TcMYB73, 72 R2R3-TcMYBs, and 139 R2R3-AtMYB
proteins from T. chinensis and Arabidopsis thaliana
(Additional file 1). Notably, TcMYB73, TcMYB47 and
TcMYB65 clustered within the T. chinensis-specific S33
subgroup, highlighting their potential functional diver-
gence from other MYB proteins [38].
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Fig. 1 Phylogenetic analysis, subcelular localization, and expression patterns of TcMYB73. a Phylogenetic tree of TcMYB73. Evolutionary relationships
were inferred from full-length TcMYB73; TcMYB73 is highlighted in red. Reference sequences include: Freesia hybrid cultivar R2R3-MYB transcription
factor (QNC43969.1), Crocus sativus MYB transcription factor (AEE37094.1), Lilium longiflorum transcription factor MYB305 (UPN68038.1), Lilium hybrid

cultivar R2R3-MYB transcription factor (AMO43680.1), Hibiscus trionum myb domain protein 24 (GMI86805.1), Citrus sinensis transcription factor
MYB21 (KAH9790745.1), Hibiscus trionum myb domain protein 21 (GMI99146.1), Hibiscus trionum myb domain protein 24 (GMI86805.1), Ginkgo
biloba R2R3-MYB29 (ASR18114.1), T. chinensis R2R3-MYB transcription factor 47 (QHG11475.1), and T. chinensis R2R3-MYB transcription factor 65
(QHG11493.1). b Subcellular Localization of the TcMYB73 protein. For subcellular localization, the EGFP-TcMYB73 fusion construct was transiently
expressed in tobacco epidermal cells. EGFP fluorescence was visualized 48-72 h post-transfection using a Leica fluorescence microscope
(OLYMPUS, Japan). c Tissue-specific expression of the TcMYB73 gene in six T. chinensis tissues via qPCR. TcGAPDH served as the internal control.

d Expression analysis of TcMYB73 under varying SA concentrations. e Temporal expression profile of TcMYB73 following 0.25 mM SA treatment.
Suspended T. chinensis cells were exposed to 0.25 mM SA, with ethanol solvent as the negative control. Transcript levels of TcMYB73 were quantified
at0,05,1,3,6, 12,24, and 48 h post-treatment. Normalized expression levels (relative to solvent-treated controls) are displayed on the ordinate,
with TcGAPDH serving as the reference gene. Error bars represent mean + standard deviation (SD) derived from three replicates (n= 3)

Subcellular localization assays in tobacco leaf epi-
dermal cells transiently expressing EGFP-TcMYB73
confirmed nuclear enrichment of GFP fluorescence
(Fig. 1b). In contrast, control cells expressing free EGFP
exhibited fluorescence in both cytoplasm and nucleus
(Fig. 1b). This nuclear specificity aligns with the canon-
ical role of R2R3-MYB proteins as DNA-binding tran-
scription factors. Tissue-specific qPCR analysis further
demonstrated that TcMYB73 transcript abundance in
lateral roots markedly exceeded levels in other tissues
(Fig. 1c). Collectively, these results findings establish
TcMYB73 as a nuclear-localized R2R3-MYB TF with
pronounced expression in lateral roots.

To evaluate the responsiveness of TcMYB73 to SA in T.
chinensis callus, we quantified TcMYB73 transcript lev-
els via qPCR. Figure 1d illustrates the relative expression

of TcMYB73 in Taxus cells treated with varying SA con-
centrations. Notably, TcMYB73 expression increased
significantly, reaching an 8.83-fold induction relative to
untreated controls following exposure to 0.25 mM SA.
Subsequent analysis of the time-dependent response to
0.25 mM SA revealed that TcMYB73 expression peaked
at 3 h (14.32-fold induction) before gradually declining
(Fig. 1e). These findings confirm that TcMYB73 responds
rapidly and robustly to SA signaling.

TcMYB73 upregulates ten genes involved in paclitaxel
biosynthesis thereby augmenting the production

of paclitaxel

As a transcription factor, TcMYB73’s overexpression
likely modulates downstream target gene, expression,
thereby promoting taxane accumulation. Paclitaxel
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biosynthesis entails a complex pathway comprising
approximately 19 enzymatic steps, and over 20 enzymes
(Fig. 2a). To elucidate the regulatory role of TcMYB73 in
this pathway, we transiently overexpressed TcMYB73 in
Taxus needles and quantified transcript levels of pacli-
taxel biosynthesis genes via qPCR. In transformed nee-
dles, TcMYB73 expression demonstrated a 62.11-fold
increase relative to untreated control (Fig. 2b). Similarly,
transcriptional upregulation was observed for key bio-
synthetic genes (DXS, TASY, T5OH, T100H, T130H,
TAT, DBAT, BAPT, PAM and DBTNBT) with expression
levels elevated by 1.95-, 1.99-, 2.85-, 3.22-, 3.92-, 2.79-,
1.88-, 2.37-, 2.64-, and 2.00-fold, respectively, compared
to the controls (Fig. 2b). To further validate these find-
ings, TcMYB73 expression was suppressed in fresh Taxus
needles using transient RNAi. RNAi-treated needles
exhibited a 0.38-fold reduction in TcMYB73 transcript
levels (Fig. 2c). Correspondingly, most paclitaxel biosyn-
thesis genes, including DXS, DXR, TASY, T50H, T100H,
TAT, BAPT and DBTNBT, showed marked downregula-
tion, with expression levels reduced to 0.13-, 0.52-, 0.01-,
0.03-, 0.56-, 0.08-, 0.43-, 0.03- and 0.34-fold of control
values (Fig. 2c). These results demonstrate that TcMYB73
significantly enhances the transcription of paclitaxel bio-
synthesis genes, particularly critical enzymes such as T,
DBAT and DBTNBT.

To assess the regulatory role of TcMYB73 in pacli-
taxel biosynthesis, we measured taxanes levels includ-
ing 10-DAB, baccatin III and paclitaxel, in 1. chinensis
needles transiently overexpressing (TcMYB73-OE) or
silencing (TcMYB73-RNAi) TcMYB73. Overexpression
increased taxane concentrations to 691.23 +68.68 pg/g
dry weight (DW) (10-DAB), 43.85 +4.18 pg/g DW (Bac-
catin III) and 155.10 £17.88 pg/g DW (paclitaxel), corre-
sponding to 2.38-, 2.87- and 1.79-fold increases relative
to controls, respectively (Fig. 2d). Conversely, TcMYB73
knockdown reduced 10-DAB, baccatin III and paclitaxel
levels to 0.85-, 0.81- and 0.70-fold of controls, respec-
tively (Fig. 2e), though these reductions lacked statistical
significance. Collectively, these data demonstrate that the
SA-responsive transcription factor TcMYB73 positively
regulates paclitaxel biosynthesis.

TcMYB73 directly activates TT00H by binding to MRE in its
promoter

To identify candidate target genes, promoter sequences
of all ten genes were scanned for potential MYB-rec-
ognition elements (MREs). DNA fragments (250—400
bp) containing putative MREs from these promoters
were cloned into the pLacZ(2y) plasmid for Y1H assays.
Screening on SD/-Trp/-Ura/Gal/Raf/X-Gal medium
revealed that TcMYB73 physically bound to a promoter
fragment of T100H (Fig. 3a). Furthermore, colony color
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intensity diminished in the Y1H assay upon mutation of
the MRET1 site, suggesting that TcMYB73 physically inter-
acts with MRE1 in the T100H promoter (Fig. 3a).

Then, EMSAs were performed to validate this inter-
action. A biotinylated probe containing MRE1 from
the TI00H promoter was incubated with recombinant
TcMYB73 N-GST. Binding resulted in distinct mobility
shifts, which were competitively inhibited by unlabeled
probes but not by mutated sequences (Fig. 3b). No shifts
occurred when the probe was incubated with GST alone
(Fig. 3b), confirming that TcMYB73 specifically binds to
the T100H promoter. ChIP-qPCR further corroborated
in vivo binding, showing significant enrichment of the
MRE1-containing promoter region with a TcMYB73-
GEFP antibody compared to the control IgG (Fig. 3c). Col-
lectively, Y1H, EMSA, and ChIP-qPCR data demonstrate
that TI00H is a downstream target of TcMYB73.

To assess the transcriptional activity of TcMYB73
in vivo, Dual-LUC assays were employed. Co-expressed
of pBD-TcMYB73 with a LUC reporter construct signifi-
cantly enhanced luciferase activity compared to the nega-
tive control (pBD), reaching levels akin to the positive
control (pBD-VP16; Fig. 3d). This confirms TcMYB73’s
role as a transcriptional activator.

Dual-LUC assays were employed to access the tran-
scriptional regulation of the candidate target gene
T100H by TcMYB73 in plant cells. As shown in Fig. 3e,
TcMYB73 strongly activated the pT100H-LUC reporter
compared to the empty vector, indicating that TcMYB73
functions as a transcriptional activator by directly bind-
ing to the promoter regions of TI00H gene. Mutation of
the MRE1 site drastically reduced LUC/REN ratios, indi-
cating that MRE1 is indispensable for TcMYB73-medi-
ated transcriptional activation (Fig. 3e).

TcMYB73 directly activates TcWRKY33 by binding

to the MREs in its promoter

The DBAT gene, which encodes a rate-limiting
enzyme in paclitaxel biosynthesis, is transcription-
ally upregulated by the TcMYB73 transcription fac-
tor. However, the DBAT promoter does not appear to
be directly bound by TcMYB73, implying the involve-
ment of an intermediary regulatory factor. Database
analysis identified TcWRKY33, a SA-responsive posi-
tive regulator of DBAT containing two MREs in its
promoter [27]. Transient overexpression of TcMYB73
in T. chinensis needles induced a 2.09-fold upregula-
tion of TcWRKY33 transcript levels relative to controls
(Fig. 2b). Conversely, TcMYB73 RNAI in needles tran-
siently reduced TcWRKY33 expression to 0.18-fold of
control levels, suggesting TcWRKY33 is a downstream
target of TeMYB73 (Fig. 2c).
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Fig. 3 TcMYB73 directly activated T100H by binding to the MRE in its promoter. a Y1H analysis of TcMYB73 and MREs. Bait vector containing
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A 1500 bp 5-flanking sequence of the TcWRKY33
promoter isolated, with in silico tools predicting multi-
ple MRE motifs. The promoter fragments contained the
predicting MRE motifs (250-400 bp) were cloned into
pLacZ(2u) and co-transformed with a TcMYB73-AD
fusion vector for Y1H assay. Screening on SD/-Trp/-Ura/
Gal/Raf/X-Gal medium plates confirmed directly bind-
ing of TcMYB73 to the TcWRKY33 promoter (Fig. 4a).
Mutation of the MRE2 site within this promoter frag-
ment abolished binding activity in Y1H assays, indicat-
ing TcMYB73 specifically interacts with MRE2 (Fig. 4a).
EMSA further validated this interaction. Recombinant
TcMYB73 N-GST bound to a TcWRKY33 promoter
fragment containing MRE2, causing mobility shifts that

were competitively inhibited by unlabeled wild-type
probes but not mutated sequences (Fig. 4b). No shifts
occurred with GST alone, confirming binding specific-
ity (Fig. 4b). ChIP-qPCR using a TcMYB73-GFP antibody
revealed significant enrichment of the MRE2-contain-
ing TcWRKY33 promoter region compared to controls
(Fig. 4c). Collectively, YIH, EMSA and ChIP-qPCR data
demonstrate that MRE2 in the TcWRKY33 promoter is a
direct in vitro target of TcMYB73.

To assess functional relevance, full-length TcWRKY33
promoter (pWRKY33) and one MRE2 mutated variant
(pWRKY33 m) were co-transformed with TcMYB73
into Nicotiana benthamiana leaves respectively
(Fig. 4d). LUC/REN ratios were significantly lower
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TcMYB73 expression vector, driven by the CaMV 35S promoter, was co-transformed with reporter plasmids into tobacco leaves. LUC/REN activity
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and **p < 0.01)

for pWRKY33 m than pWRKY33, confirming that
TcMYB73 activates transcription via MRE2 binding
(Fig. 4d). These findings establish TcWRKY33, an SA-
responsive paclitaxel biosynthesis regulator, as a direct
transcriptional target of TcMYB73.

Discussions

Paclitaxel, a widely-used anticancer agent, is a high-value
secondary metabolite predominantly extracted from
Taxus species. However, its extremely low abundance
in natural plant sources results in exorbitant produc-
tion costs and a marked global supply—-demand imbal-
ance [3]. The phytohormone SA plays a regulatory role
in paclitaxel biosynthesis within Taxus and stimulates
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its accumulation [24, 25]. Nevertheless, the molecular
mechanisms underlying SA-mediated modulation of this
pathway remain poorly characterized. While R2R3-MYB
transcription factors have been preliminarily explored for
their roles in Taxus spp., several members of this family
have been identified as key regulators of paclitaxel bio-
synthesis [33—37]. Despite this progress, the involvement
of R2R3-MYB TFs in SA signal transduction pathways
remains unelucidated. In this study, we identified and
characterized TceMYB73, an SA-inducible R2R3-MYB TF,
and investigated its function contribution to paclitaxel
biosynthesis.

In this study, we demonstrated that TcMYB73 strongly
enhances the accumulation of paclitaxel and its primary
precursors, baccatin III and 10-DAB (Fig. 2d). Notably,
transcription levels of most paclitaxel biosynthetic genes
were markedly elevated upon TcMYB73 overexpres-
sion (Fig. 2b), with pronounced upregulation of TASY,
DBAT, and DBTNBT, which are encoding key enzymes
in this pathway. Conversely, silencing TcMYB73 signifi-
cantly suppressed these genes, confirming its role as a
key transcriptional regulator. These findings were fur-
ther validated by functional assays (Fig. 3d), which estab-
lished TcMYB73 as a transcriptional activator. This aligns
with prior reports on R2R3-MYB transcription factors
in Taxus, which similarly activate paclitaxel biosynthesis
[33-35, 37].

Beyond genetic regulation, the spatial distribution of
paclitaxel and its intermediates in Taxus tissues (e.g.,
bark, needles, roots) is influenced by species-specific
traits, environmental conditions, plant age, sex, and
harvest season [19, 39-43]. For instance, paclitaxel
accumulates preferentially in root, trunk, and branch
bark, whereas its precursors, 10-DAB and baccatin III,
dominate in needles and stems [39, 43]. In T. chineunsis,
paclitaxel concentrations peak in bark and roots, while
baccatin III is abundant in both mature and young nee-
dles [43]. This tissue-specificity correlates with differ-
ential expression of biosynthetic genes. In T. chinensis,
GGPPS and T100H (early pathway genes) are highly
transcribed in fresh needles, whereas DBAT (a late-stage
enzyme) is enriched in bark and roots [43]. Intrigu-
ingly, Taxus yunnanensis exhibits contrasting patterns,
with GGPPS and T100H predominantly expressed in
roots and stems [19]. Our data further revealed elevated
transcription of TASY, DBAT, and DBTNBT in lateral
roots (Additional file 2), consistent with paclitaxel’s pref-
erential accumulation in roots. However, unlike Liu et al.
[19], we observed minimal TI100H expression in T. chin-
ensis needles, a discrepancy potentially attributable to
differences in plant age, sampling season, or growth con-
ditions. Systematic investigation of these variables is crit-
ical to unraveling paclitaxel accumulation mechanisms
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and optimizing industrial production, which need to be
further studied.

Focusing on enzymatic regulation, TIOOH catalyzes a
pivotal hydroxylation step in the paclitaxel biosynthesis
pathway, converting taxa-4 (20),11(12)-dien-5a-yl acetate
into a key taxoid intermediate [44]. Using Y1H, EMSA,
ChIP-qPCR, and Dual-LUC assays, we demonstrated
that TcMYB73 binds to the MRE1 motif in the TI0OH
promoter, directly enhancing its transcription (Fig. 3).
This activation increased 10-DAB levels, a precursor
derived from upstream biosynthesis, by 2.38-fold. Simi-
larly, DBAT, which mediates the rate-limiting conversion
of 10-DAB to baccatin III [39], is indirectly regulated by
TcMYB73. Notably, TcWRKY33, a known activator of
DBAT, was upregulated in TcMYB73-OE needles. Pro-
moter analysis and functional assays confirmed that
TcMYB73 activates TcWRKY33 by binding to an MRE
site in its promoter, leading to a 2.87-fold increase in
baccatin III (Figs. 2c and 4). These results, corroborated
by qPCR and metabolite quantification (Figs. 2c and 4),
establish that TcMYB73 elevates baccatin III levels
through indirect upregulating DBAT expression. Collec-
tively, our findings illustrate how TcMYB73 orchestrates
paclitaxel biosynthesis by directly and indirectly modu-
lating critical enzymatic steps.

The R2R3-MYB proteins of T. chinensis and A. thaliana
are classified into 36 subgroups based on their evolu-
tionary relationships and functional divergence. Among
these, 24 subgroups include members from both spe-
cies, while three are exclusive to T. chinensis and nine
are unique to A. thaliana [38]. Notably, TcMYB73,
TcMYB47, and TcMYB65 clustered within the S33 sub-
group, which is specific to T. chinensis [38]. Previous
studies have identified several R2R3-MYB TFs associated
with paclitaxel biosynthesis, including TeMYB29a from
T. chinensis, TmMYB3 and TmMYB39 from T media,
TmMYB47, TmMYB65, TmMYB3R1, TmMYB56 and
TmMYBI105 from T. mairei [33—37]. For instance, ABA-
responsive TcMYB29a modulates paclitaxel accumula-
tion in T. chinensis needles following fungal elicitation
[34]. Similarly, TmMYB3, a phloem-specific R2R3-MYB
TFE, governs the phloem-specific biosynthesis of pacli-
taxel [33], whereas female-specific TmMYB39 enhances
paclitaxel production by directly activating biosynthetic
genes and forming the TmMYB39-TmbHLH13 regu-
latory complex via the MYB-bHLH module [35]. In T.
mairei, TmMYB47, TmMYB65, TmMYB3R1, TmMYB56,
and TmMYBI105 collectively orchestrate the paclitaxel
biosynthesis network [36, 37]. However, despite their
shared regulatory roles, TcMYB29a, TcMYB3, TmMYB3
and TmMYB39 exhibit low amino acid sequence simi-
larity (< 22.37% identity) (Additional file 3) and diver-
gent expression patterns. For example, TmMYB3 and
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TmMYB39 are expressed phloem-specifically and
female-predominantly expression, respectively, whereas
TeMYB29a shows elevated expression in needles and
roots, and TeMYB73 is enriched in lateral roots (Fig. 1c).
Furthermore, TmMYB47 localizes to endodermal cells,
while TmMYB65, TmMYB56, and TmMYB105 are pre-
dominantly expressed in the mesophyll cells. These find-
ings align with reports by Zhan et al. [36] and Cao et al.
[34], who proposed that MYB TFs in Taxus exhibit cell-
type specificity and may have independently evolved
across tissues to regulate spatially distinct paclitaxel bio-
synthetic pathways. Importantly, our identification of
TcMYB73 extends the work of Hu et al. [38], who cata-
loged 72 MYB genes in T. chinensis but did not charac-
terize this regulator. Thus, further genomic exploration
of T. chinensis is warranted to elucidate the full regula-
tory network.

SA is a well-established inducer of paclitaxel biosyn-
thesis in Taxus species and cell cultures [24-26]. To
date, only one TF, TcWRKY33, has been linked to SA-
mediated regulation of this pathway [27]. In this study,

MEP pathway

—_ GGPP
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we demonstrate that TcMYB73 responds robustly to
SA signaling and transduces these signals to down-
stream paclitaxel biosynthetic genes, thereby promoting
metabolite accumulation. Specifically, TcMYB73 regu-
lates two critical genes (T100H and DBAT) through dis-
tinct mechanisms. First, TcMYB73 directly binds to the
MRE1 region of TI00H promoter in response to SA.
Second, while DBAT is known to respond to SA signal
[27], our data reveal that TcMYB73 significantly amplifies
DBAT expression (Fig. 2b). Notably, TcMYB73 also acti-
vates DBAT indirectly by targeting TcWRKY33, a known
activator of DBAT. Collectively, these results establish
TcMYB73 as a dual regulator of SA signaling, coordinat-
ing both direct and indirect pathways to enhance pacli-
taxel biosynthesis (Fig. 5). Intriguingly, other pivotal
genes, such as TASY and DBTNBT, exhibit upregulate
expression in TcMYB73-OE needles (Fig. 2b), but are not
directly regulated by TcMYB73.

Beyond SA, JA is another potent elicitor of paclitaxel
biosynthesis, upregulating nearly all genes in the path-
way [26]. Interestingly, promoter analysis of TcMYB73
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identified a JA-responsive CGTCA motif (—507 to —511),
and RNA-seq data (Accession No: CRA003496) [10] con-
firm that TcMYB73 expression is markedly induced by
JA. These observations imply that TcMYB73 may also
mediate JA-regulated paclitaxel production, potentially
influencing rate-limiting enzymes through yet unchar-
acterized pathways. Therefore, future studies should
investigate how TcMYB73 integrates multiple hormonal
signals to fine-tune paclitaxel biosynthesis.

Pretreatment of Taxus cell cultures with SA enhances
taxane biosynthesis while concurrently bolstering cellu-
lar health and stress resilience, thereby promoting higher
yields during glucose and fungal elicitor treatments [25,
26]. These results highlight the pivotal role of SA in mod-
ulating secondary metabolite synthesis and metabolic
homeostasis in Taxus cultures. Nevertheless, if the direct
involvement of SA-responsive TFs, such as TcMYB73
and TcWRKY33, in these pathways remains unclear.
Further investigation is required to elucidate the precise
regulatory mechanisms and to determine how these TFs
drive the observed increases in taxane accumulation and
cellular viability.

Conclusions

TcMYB73 modulates paclitaxel biosynthesis in 7. chin-
ensis through dual mechanisms: directly transcriptional
activation of the T10OH gene and indirect regulation
of DBAT via interaction with TcWRKY33 promoter.
TcMYB73 exhibits predominant expression in lateral
roots relative to needles, phloem, xylem, and axial roots.
These findings propose a plausible mechanism underly-
ing the heightened accumulation of paclitaxel in Taxus
lateral roots following fungal elicitor treatment. Upon
SA application, transcript levels significantly increased,
suggesting the existence of a previously unrecognized
SA-dependent regulatory pathway for paclitaxel biosyn-
thesis, distinct from the JA-mediated pathway.

Methods
Plant materials
T. chinensis seedlings (Jiangsu Yew Biotechnology Co.,
Ltd, Wuxi, China) were cultivated in soil-filled under
controlled greenhouse at the Jiangsu Normal University
(Xuzhou, China), at 22°C, a 12-h light/dark cycle, and
70% relative humidity. Tissue specimens (needles, stem
epidermis, phloem, xylem, axial roots, and lateral roots
were harvested from 2-year-old T. chinensis seedlings.
All samples were flash-frozen in liquid nitrogen and pre-
served at —80°C for subsequent analysis. Experiments
were conducted with three or more biological replicates.
Taxus chinensis callus were induced from young
stems of laboratory-cultivated seedlings following the
protocol described by Lee et al. [45], and cultured in
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sterile containers containing modified Gamborg’s B5
medium [45], supplemented with 20 g/L sucrose and
4 g/L phytagel. Callus cultures were incubated at 22°C in
darkness and subcultured every two weeks as previously
described [34].

Phytohormone treatments

T. chinensis calli were employed for phytohormone expo-
sure. Eight grams of callus cultures were transferred
into B5 liquid medium and agitated at 100 rpm under a
48-h dark conditions. Cultures were supplemented with
2.5 mM SA or an equivalent volume of ethanol solvent
(control). For transcriptional profiling, samples were col-
lected at 0, 0.5, 1, 3, 6, 12, 24 and 48 h post-treatment,
flash-frozen in liquid nitrogen, and stored at —80°C until
RNA extraction. The experiment included three biologi-
cal replicates.

RNA extraction, cDNA synthesis, and cloning

of the TcMYB73 gene

Total RNA was isolated using the EASYspin plant RNA
extraction kit (Aidlab Bio., China) following the manu-
facturer’s protocol. First-strand cDNA was subsequently
synthesized with HiScript II Q RT SuperMix with
gDNase (Vazyme, China) according to the protocols of
the manufacturer.

The TcMYB73 gene sequence (Genebank ID:
PV408260), containing a 702 bp open reading frame
(ORF), was identified from our transcriptomic data
(NCBI accession: PRJNA751266). Its deduced amino acid
sequence exhibited a conserved R2R3-MYB domain. The
full-length ORF was amplified via PCR from T. chinen-
sis cDNA, employing primers designated TcMYB73-F/R
(Additional file 4). Amplified products were purified,
ligated into the pMDI18-T vector (TaKaRa, Dalian,
China) using T/A cloning, and sequenced for validation.
Sequencing confirmed the successful insertion of the
TcMYB73 ORF into the recombinant vector, which was
designated pMD18-TcMYB73.

Sequence alignment and phylogenetic analysis of TcMYB73
The physicochemical properties of TcMYB73, includ-
ing the amino acid count, molecular weight (MW), iso-
electric point (pI), hydrophobicity, and instability index,
were predicted using Prosite ExPASy server (http://web.
expasy.org/protparam/). A homology search was con-
ducted using the BLAST algorithm from the SWISS-
PROT protein database (http://www.ncbi.nlm.nih.gov/
BLAST/). The alignment and assessment of the percent-
age identity of TcMYB73 with known MYB proteins were
executed using DNAMAN software (Version 9.0). Phylo-
genetic analysis was conducted using the neighbor-join-
ing method with 1,000 bootstrap resamplings in MEGA
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software version 11.0 (https://www.megasoftware.net/
older_versions).

Subcellular localization

The ORF of TcMYB76 containing a termination codon
was amplified from the pMD18-TcMYB73 plasmid using
primers SL-TcMYB73-F/R (Additional file 4). The ampli-
fied fragment was inserted into the pHB-EGFP vector
at the Hind III restriction sites. The recombinant vector,
and the empty vector control (pHB-EGFP) were sepa-
rately introduced into A. tumefaciens strain GV3101.
Transformed bacterial cells were subsequently employed
to infiltrate leaves of 4-week-old N. benthamiana plants
via a standardized agroinfiltration protocol [46]. After
48-72 h of incubation, the infiltrated leaf epidermis were
dissected and examined for GFP fluorescence using a
Leica fluorescence microscope under 10 X 20 magnifica-
tion (Leica Microsystems, Wetzlar, GmBH).

Generation of overexpression and RNAi constructs

and transformation of T. chinensis needles

The full-length TcMYB73 sequence was amplified from
the pMDI18-TcMYB73 plasmid using primers OE-
TcMYB73-F/R (Additional file 4) and subcloned into
the pHB-3xFLAG-EGEFP vector at the BamHI and Sacl
restriction sites to generate the overexpression vec-
tor TcMYB73-OE. For RNAj, a 354 bp coding sequence
(CDS) fragment of TcMYB73 (+ 314 to +667) was cloned
in forward and reverse orientations into the pHANNI-
BAL vector to produce an intron-spliced hairpin RNA
(RNAi construct). Then RNAi cassette was amplified
using primers RNAi-TcMYB73-F/R (Additional file 4)
and cloned into the pCAMBIA1300 vector at the EcoRI
and BamHI restriction sites, yielding the RNAi vector
TcMYB73-RNAi.

The recombinant constructs were introduced into
GV3101. Strains harboring TcMYB73-OE or the empty
pHB-3xFLAG-EGFP (control), as well as TcMYB73-
RNAI or the empty pCAMBIA1300 (additional control),
were transformed into 7. chinensis needles following
the protocol of Chen et al. [27]. Briefly, the constructs,
TcMYB73-OE, TcMYB73-RNAi, and empty vectors, were
separately introduced into Taxus needles via GV3101.
For transient transformations, single colonies of GV3101
harboring these vectors were cultured in 50 mL of YEB
medium until reaching an OD600 of 0.6—0.8. Bacterial
cells were subsequently centrifuged and resuspended in
50 mL of half-strength MS liquid medium supplemented
with 200 uM acetosyringone. Fresh leaves were excised
from the apical regions of two-year-old T. chinensis pot-
ted plants. Following surface sterilization, sterile scalpels
were used to generate micro-incisions on the abaxial
leaf surfaces to facilitate Agrobacterium infiltration. The
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wounded leaves were immersed in the bacterial sus-
pension and agitated at 125 rpm for 12 h in darkness at
25 °C. Post-infection, needles were incubated on half-
strength MS solid medium for 24 h at 25°C in darkness.
Harvested needles were divided into two subsets: one
subset was submerged in liquid nitrogen and stored at
—80°C for subsequent analyses, while the other subset
was transferred to moistened filter paper and maintained
at 25°C for 6 days to quantify taxane content. T. chinensis
callus transformations were conducted according to the
method outlined by Cao et al. [34]. All experiments were
validated at least three biological replicates.

Cloning and promoter analysis of the 5’-Flanking
Sequences of TcT100H, TcMYB73 and TcWRKY33 Genes

The cloning of the 5’-flanking sequences of genes are con-
ducted using the protocol described by Chen et al. [27].
Briefly, the CDS of TcT100H, TceMYB73 and TcWRKY33
from T. chinensis were aligned with the entire genome
sequence of T. chinensis. Subsequently, the 5 -untrans-
lated regions (UTRs) and partial ORF sequences of these
genes were obtained (Additional file 5). To ensure the
accuracy of the 5’-flanking sequences, forward prim-
ers were designed based the predicted 5'-UTRs, while
the reverse primers were designed according to the ORF
sequences of those genes. Using genomic DNA from T.
chinensis as the template, PCR products were ampli-
fied and then subjected to T/A cloning and sequencing.
Only sequences encompassing the 5'-UTRs and partial
ORF were deemed valid. Subsequently, the sequenced
5’-flanking regions were analyzed using the online tools
PlantCare (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/) and PLACE (http://www.dna.affrc.go.
jp/PLACE/signalscan.html) to identify the core cis-ele-
ments and putative MREs within the promoters.

Quantitative real-time PCR

Quantitative real-time PCR was performed using ChamQ
Universal SYBR qPCR Master Mix (Vazyme, Nanjing,
China) and a CFX96 Touch Real-Time PCR Detection
System (BIO-RAD, USA). The TcGAPDH sequence sev-
ered as an internal reference gene, and the relative fold
differences in gene expression were calculated via the
comparative cycle threshold method (2724 [47]. All
experiments were executed in triplicate, and statisti-
cal significance was assessed using Student’s ¢-test. The
primer sequences are list in Additional file 4.

Liquid chromatography-mass spectrometry analysis

of taxanes

For LC-MS analysis of taxanes, including 10-DAB III,
baccatin III, and paclitaxel, treated Taxus needles were
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collected, lyophilized, and homogenized into a fine
powder in liquid nitrogen. Taxane extraction and quan-
tification were conducted via LC-MS according to our
previously described methods [34]. Three biological rep-
licates were conducted to ensure analytical rigor.

Yeast one-hybrid assays

For prey vector construction, the TcMYB73 gene was
subcloned into the pJG4-5 vector via EcoRI and Xhol
restriction sites, generating an AD:TcMY73 recombi-
nant vector. For bait vectors, 250—450 bp fragments
containing MREs were amplified from each promoter
using gene-specific primers (Additional file 4) and ligated
into pLacZ (2u) vector using EcoRI and Xhol restriction
sites, yielding constructs such as pLacZ-TcT100Hpro
and pLacZ-TcWRKY33pro. Mutations in the MRE sites
of the TcT100H and TcWRKY33 promoters within these
constructs were introduced using the Hieff Mut" Site-
Directed Mutagenesis Kit (Yeasen). Finally, each bait vec-
tor was co-transformed with the prey vector into yeast
strain EGY48. Transformants were plated onto SD/-Trp/-
Ura/Gal/Raf agar medium supplemented with 80 mM
X-gal and incubated for 3-5 days. Bait vectors co-trans-
formed with the empty pJG4-5 vector served as negative
controls.

Chromatin immunoprecipitation PCR

ChIP was carried out using transgenic Taxus needles
expressing 35S:GFP-TcMYB73, following the method
described in the literature [34]. ChIP DNA products were
analyzed via qPCR with custom-designed primers target-
ing promoter regions of the TcT100H and TcWRKY33
genes. Primer pairs MRE1-F/MREI-R, and MRE2-F/
MRE2-R were employed amplify DNA fragments within
the TcT100H and TcWRKY33 promoters, respectively
(Additional file 4). All experiments were conducted in
triplicate to validate reproducibility.

Electrophoretic mobility shift assays

The N-terminal coding sequence of TcMYB73 (1-384 bp,
encompassing the Myb-like DNA-binding domain) was
amplified via PCR and ligated into the pGEX-4 T-1 vec-
tor (Amersham Biosciences) to generate a GST fusion
construct in the correct reading frame. The engineered
PGEX-TcMYB73 N vector was transformed into Escheri-
chia coli Rosetta (DE3) cells to enable heterologous pro-
tein production. Once the culture reached an OD600
of 0.6-0.8, cells were induced with 0.2 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG) and incubated
at 18 °C for 16 h to facilitate fusion protein synthesis.
Recombinant protein purification was achieved using
GST Sepharose 4FF affinity chromatography (BBI).
Protein size was verified by western blotting with an
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anti-GST antibody (BBI). EMSA assays were performed
as previously described [48]. Biotinylated and unlabeled
synthetic oligonucleotides (30 bp) corresponding to
the TcT100H and TcWRKY33 promoter regions were
synthesized. EMSA reactions utilized biotin-labeled
probes and the LightShift Chemiluminescent EMSA Kit
(Thermo Fisher Scientific), adhering to the manufactur-
er’s guidelines. Briefly, assay mixtures were incubated for
20 min at 22 °C, followed by resolution on a 10% native
polyacrylamide gel. Post-electrophoresis cross-linking
enabled chemiluminescent detection of the biotin-
labeled probes. Primer sequences for EMSA are detailed
in Additional File 4.

Activity validation of the TcMYB73 Gene

To assess the transcriptional activity of TcMYB73,
Dual-LUC assays were conducted following a previ-
ously reported method with slight modifications [49].
The effector plasmid pBD-TcMYB73 was constructed by
cloning the CDS of TcMYB73 into the pBD vector. The
empty pBD plasmid served as the negative control, while
the pBD-VP16 plasmid, harboring the VP16 activation
domain, functioned as the positive control. The reporter
plasmid pGreenlI-0800-LUC features five tandem cop-
ies of the GAL4-binding domain upstream of the mini-
mal CaMV35S promoter and the LUC gene, coupled with
an internal Renilla (REN) luciferase control under the
regulation of the 35S promoter. Both reporter and effec-
tor plasmids were transformed into GV3101 (pSoup-
p19). Tobacco leaves were transiently co-infiltrated
with a combination of effector and reporter plasmids.
Luciferase activity was quantified 72 h post-infiltration
employing a dual-luciferase reporter assay kit (Promega).
The transcriptional activation capacity of TcMYB73 was
determined by assessing the relative LUC/REN ratio.

Transient dual-luciferase reporter assays

For the dual-luciferase activity assay, the native ~ 1500
bp promoter regions of TcT100H and TcWRKY33 were
ligated into the pGreenlII-0800-LUC vector using Hin-
dlll and Ncol restriction sites, generating the reporter
constructs pGreenlI-TcT100Hpro and pGreenlI-
TcWRKY33pro (Additional file 4). Mutations in the
MRE sites of the 7cTI00H and TcWRKY33 promoters
were engineered in these constructs using the Hieff
Mut™ Site-Directed Mutagenesis Kit (Yeasen). Then,
ORF of TcMYB73 was amplified via PCR with HindlIIl
and Ncol sites and subcloned into the pGreenlI-62-SK
vector to generate TcMYB73:pGreenll-62-SK effector
vector (Additional file 4). Reporter and effector con-
structs were co-infiltrated into tobacco leaves using
GV3101 (pSoup-pl9). Infiltrated plants were incu-
bated in darkness for 12 h in a greenhouse, followed
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by cultivation under ambient conditions for 36-48 h.
Luciferase activity was then quantified with a dual-
luciferase reporter assay kit (Promoge). All assays were
conducted in triplicate.
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