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Abstract Salvia miltiorrhiza is a prominent traditional Chinese medicinal (TCM) herb with notable

therapeutic applications, especially in treatment of cardiovascular and cerebrovascular diseases. A crucial

role in promoting tanshinone biosynthesis is attributed to the gibberellic acid (GA) signaling pathway;

however, its precise regulatory mechanisms remain incompletely understood. In the current investigation,

we identified bHLH130, a GA-responsive bHLH transcription factor (TF), via transcriptomic analysis of

GA-treated hairy roots from S. miltiorrhiza. Functional analysis demonstrated that bHLH130 overexpres-

sion markedly suppressed tanshinone biosynthesis, whereas its knockout resulted in elevated tanshinone

accumulation. Additionally, it was confirmed that bHLH130 directly targets E-box motifs within the pro-

moters of biosynthetic genes, including DXS2, CPS1, KSL1, and CYP76AH1, thereby negatively regu-

lating their transcriptional activities. Moreover, bHLH130 interacts with DELLA4, forming a

regulatory complex implicated in the modulation of tanshinone biosynthesis. Co-overexpression assays

revealed that DELLA4 attenuated the inhibitory effects of bHLH130 on tanshinone accumulation. Collec-

tively, our data propose that the bHLH130‒DELLA4 interaction constitutes a critical regulatory node,

balancing GA signaling with secondary metabolite production and offering novel strategies for the
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metabolic engineering of tanshinones. In conclusion, this research delineates the regulatory role of

bHLH130 in tanshinone synthesis, providing valuable insights into the GA-mediated modulation of sec-

ondary metabolism.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Plants produce a diverse array of secondary or specialized

metabolites via species-specific metabolic pathways. These

pathways are driven by core metabolic processes and collectively

form a complex network. Specialized metabolites play essential

roles in growth, cellular replenishment, whole-plant resource

allocation, and adaptation to environmental changes1. Further-

more, these metabolites significantly benefit human health and

survival. Throughout history, bioactive metabolite derived from

plants have been consistently employed in the treatment of various

diseases, forming the cornerstone of modern drug discovery and

development. Over 30% of current drugs are directly derived from

plants, and more than 60% of drugs approved in the past two

decades originate from plant extracts or their derivatives1,2.

Medicinal herbs represent a valuable reservoir of natural

compounds widely utilized in diverse traditional medicinal sys-

tems3,4. According to the fourth national survey of Chinese me-

dicinal resources, there are 15,227 identified medicinal plants in

China, which serve as the cornerstone of the brilliant culture of

TCM3,5. Among these, Salvia miltiorrhiza is a renowned plant

indigenous to Eastern Asia. Its desiccated roots and rhizomes,

commonly termed “Danshen” in TCM, were initially recorded in

The Divine Farmer’s Materia Medica (approximately A.D.

102‒200)6. Currently, Danshen remains extensively applied in

clinical practice for preventing and treating ailments such as hy-

pertension, coronary heart disease, and atherosclerosis7. Tan-

shinones, the representative diterpenoid secondary metabolites of

S. miltiorrhiza, exhibit profound pharmacological effects8, as

supported by contemporary research demonstrating their efficacy

in promoting blood circulation and alleviating blood stasis,

dysmenorrhea, and amenorrhea9. Given their distinct structural

characteristics and substantial medicinal value, considerable ad-

vancements have been achieved in elucidating their biosynthetic

processes.

The biosynthetic pathway of tanshinones consists of three

primary stages: the initial generation of geranylgeranyl pyro-

phosphate (GGPP), subsequent cyclization into hypotanshinone

dienes, and final structural modifications. The synthesis of GGPP,

the first phase, resembles the biosynthetic pathways observed in

other diterpenoids, originating from either the 2-C-methyl-D-

erythritol 4-phosphate (MEP) or mevalonate (MVA) pathways.

Rate-limiting enzymes in these pathways, including DXS and

DXR from the MEP pathway and HMGS and HMGR from the

MVA pathway, substantially influence tanshinone biosynthesis10.

The subsequent cyclization of GGPP into hypotanshinone dienes

involves enzymatic catalysis by terpene synthases/cyclases

(TPSs), notably copalyl diphosphate synthase (CPS) and kaurene

synthase-like (KSL). The final stage consists of diverse tanshinone

formation through various cytochrome P450 enzymes, including

SmCYP76AH1, SmCYP76AH3, SmCYP76AK1, SmCYP76AK2,

SmCYP76AK3, SmCYP71D373, and SmCYP71D37511-14. To

date, most key enzyme genes involved in tanshinone biosynthesis

have been cloned and functionally characterized.

However, like many plant-derived bioactive compounds beneficial

to human health, tanshinones naturally accumulate only in trace

amounts in plants. Their complex chemical structures complicate

industrial-scale synthesis, making supplies vulnerable to shortages

and impacting security of the clinical therapeutics. Therefore,

establishing efficient and stable methodologies to enhance tanshinone

yield is imperative. The production of specialized metabolites is

controlled through an elaborate regulatory network operating at

various biological layers, including mechanisms mediated by

transcription, post-transcription, translation, post-translation, and

chromatin remodeling15. Transcriptional regulation, the initial

step from genome to proteome, critically determines the final

accumulation of secondary metabolites15. Consequently, TFs serve

as powerful tools to manipulate plant secondary metabolism16.

Over 1300 transcription factors (TFs) belonging to various

families, such as MYB, WRKY, bHLH, and WD40, have been

discovered in S. miltiorrhiza17. Notably, MeJA induces

SmMYB97, enabling it to bind cis-regulatory elements within

SmCPS1 and SmKSL1 promoter regions. Such binding modulates

their transcriptional activity, subsequently promoting the biosyn-

thesis of tanshinones18. Additionally, MYC2 directly activates the

SmGGPPS1 promoter and engages in protein‒protein interactions

with SmMYB36, enhancing SmMYC2-mediated transcriptional

activation of SmGGPPS1, further stimulating tanshinone accu-

mulation19. In addition, SmMYB36 serves as an activator of

SmERF6 and SmERF115 transcription, indirectly promoting the

synthesis of tanshinones and phenolic acids within S. miltiorrhiza

hairy root cultures20. Prior investigations have revealed that

SmbHLH10 also acts as a positive transcriptional modulator of

tanshinone production in hairy roots21. Similarly, overexpression

of SmWD40-2 stimulates the expression of most genes involved in

the tanshinone biosynthetic pathway, underscoring its utility in

metabolic engineering applications for S. miltiorrhiza17.

The biosynthesis and accumulation of bioactive constituents in

medicinal herbs are tightly regulated by complex transcriptional

networks associated with hormone signaling pathways. Gibberellic

acid (GA), a critical plant hormone, governs diverse physiological

processes, including developmental progression, responses to

stress, and secondary metabolite biosynthesis22. In recent years,

significant advances have elucidated the various components

involved in GA signaling, among which DELLA proteins function

as primary repressors, playing critical roles in the plant’s response

to GA stimuli. In Arabidopsis thaliana, five DELLA proteins (GAI,

RGA, RGL1, RGL2, and RGL3) have been identified. In contrast,

rice has only one DELLA protein (SLR1)23, while maize possesses

two DELLA proteins (DWARF8 (D8) and D9)24. In addition, four

DELLA proteins (DELLA1‒4) have been found in S. miltior-

rhiza25. GA-INSENSITIVE DWARF 1 (GID1) functions as the

receptor for GA. Upon GA binding, GID1 undergoes a confor-

mational change and interacts with DELLA proteins. The
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SCFSLY1/GID2 ubiquitin E3 ligase complex is recruited by this

interaction, prompting the ubiquitination and subsequent proteol-

ysis of DELLA proteins through the 26S proteasome. The degra-

dation of DELLA proteins liberates transcription factors, which in

turn induce GA-responsive genes, initiating essential physiological

events such as seed germination, leaf enlargement, flowering, stem

growth, and secondary metabolite production26-28. Despite notable

advancements, the specific influence of GA on secondary meta-

bolic pathways in S. miltiorrhiza has yet to be fully elucidated.

Our previous research established that exogenous application of

GA enhances tanshinone production in S. miltiorrhiza hairy

roots29. Despite identification of pivotal GA signaling-related TFs,

such as SmGRAS1, SmGRAS2, and SmGRAS3, that either posi-

tively or negatively modulate tanshinone synthesis, comprehensive

insights into GA’s exact role remain scarce. Here, we provide an

in-depth characterization of a bHLH TF, bHLH130. Over-

expressing bHLH130 markedly inhibited tanshinone synthesis,

whereas its genetic knockout increased related metabolite yields.

Yeast one-hybrid (Y1H), dual-luciferase (Dual-LUC), and elec-

trophoretic mobility shift assays (EMSA) collectively confirmed

that bHLH130 binds specifically to the E-box regions within the

promoters of DXS2, CPS1, KSL1, and CYP76AH1, influencing

their transcriptional activities. Additionally, protein interaction

studies revealed a direct physical interaction between bHLH130

and DELLA4. Consequently, this research thoroughly explores and

discusses the molecular pathways by which GA signaling utilizes

bHLH130 to orchestrate the regulation of secondary metabolism.

Clarifying the involvement of bHLH130 in diterpenoid metabolic

flux greatly enhances the comprehension of interactions between GA

signaling and tanshinone biosynthesis, providing essential insights for

future metabolic engineering initiatives in S. miltiorrhiza.

2. Materials and methods

2.1. Plant materials and growth conditions

The S. miltiorrhiza hairy-root culture system30 was utilized as

previously described. Specifically, 0.2 g of fresh hairy roots were

inoculated into sterile 100 mL triangular flasks containing 50 mL

of hormone-free half-strength Murashige and Skoog liquid me-

dium, followed by incubation in darkness at 25 ◦C on a rotary

shaker at 110 rpm (Qiangwen, QWZY-C3, Taicang, China). GA3

was prepared by dissolving it in ethanol at approximately

100 mmol/L, and the solution was sterilized through filtration with

a 0.22 μm membrane. GA3 treatments (final concentrations: ∼50,

100, 150, and 200 μmol/L) were applied on day 18 after inocu-

lation for 3 days. Control hairy roots were treated with pure

ethanol. Samples were immediately frozen in liquid nitrogen and

stored at − 80 ◦C for RNA extraction.

2.2. Real-time quantitative PCR (RT-qPCR)

Hairy root samples were processed for RNA extraction utilizing

an RNAprep Pure Plant Kit (TIANGEN, Beijing, China). The

isolated RNA was subsequently reverse-transcribed into cDNA

employing a PrimeScript™ RT reagent Kit (TaKaRa, Dalian,

China). The integrity of RNA samples was verified via electro-

phoretic separation on 1.0% agarose gels, and their concentration

was quantified with a micro-spectrophotometer (ALLSHENG,

Hangzhou, China). Quantitative RT-PCR analyses were conducted

on a QuantStudio™ 1 Real-Time PCR instrument (Applied Bio-

systems, Foster City, CA, USA) using SYBR Green PCR reagents

from TaKaRa (Dalian, China). Primer sequences utilized in these

assays are provided in Supporting Information Table S1. Actin was

chosen as the endogenous control gene to standardize gene

expression levels. The thermocycling profile involved an initial

30 s denaturation at 95 ◦C, then 40 repeated cycles each consisting

of denaturation at 95 ◦C for 5 s and annealing/extension at 58 ◦C

for 30 s. The relative abundance of target transcripts was quanti-

fied by employing the comparative 2− ΔΔCt method31.

2.3. Molecular cloning and bioinformatic analysis

Open reading frames (ORFs) encoding bHLH130 and DELLA

proteins were amplified by PCR with gene-specific primers listed

in Table S1, then inserted into the entry cloning vector pGP-

B2E32. The conserved structural domains were identified using

NCBI’s Conserved Domain Database. Additionally, sequence

alignments were performed between the bHLH130 protein

sequence from S. miltiorrhiza and selected bHLH sequences from

A. thaliana. MEGA 11 software was used to construct a neighbor-

joining phylogenetic tree, incorporating 1000 bootstrap replica-

tions for statistical robustness.

2.4. Yeast one-hybrid assay (Y1H)

The promoter regions containing tandem repeats of E-box motifs

(DXS2pro, CPS1pro, KSL1pro, CYP76AH1pro) were cloned into

the pAbAi vector, generating respective bait constructs. These

constructs were introduced into Y1HGold yeast strains to develop

bait strains, and the minimal inhibitory concentrations for Aur-

eobasidin A (AbA) were optimized on selective SD/-Ura medium

with AbA concentrations ranging from 150 to 800 ng/mL. The

bHLH130 CDS was inserted into the prey vector pGADT7. The

transformed yeast cells were selected and cultured on SD/-Ura

plates supplemented with AbA for 3‒4 days at 29 ◦C.

2.5. Yeast two-hybrid assays (Y2H)

The full-length cDNA sequences of bHLH130 and DELLA derived

from S. miltiorrhiza were cloned into pGBKT7 and pGADT7

plasmids, respectively, using In-Fusion cloning technology. Sub-

sequent yeast two-hybrid assays were implemented following the

manufacturer’s recommended guidelines (Clontech, Beijing,

China).

2.6. Bimolecular fluorescence complementation (BiFC) and

subcellular localization

Full-length bHLH130 and DELLA4 genes were subcloned into

vectors (063075-DEST, 063076-DEST, and pGWB506) to

generate YFPN-bHLH130. YFPC-DELLA4, bHLH130-GFP, and

DELLA4-GFP. Agrobacterium strain GV3101 (OD600 � 0.6)

infiltrated tobacco leaves (Nicotiana benthamiana). Fluorescence

was visualized using a Leica TCS SP5 confocal microscope 3 days

after infiltration.

2.7. Co-immunoprecipitation

Tobacco leaves infiltrated to express fusion proteins bHLH130-

FLAG and Myc-DELLA4 were harvested three days post-

infiltration. Total soluble proteins were isolated and subjected to

immunoprecipitation using anti-FLAG agarose beads, followed by
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analysis via SDS-PAGE and immunoblot assays utilizing anti-

FLAG and anti-Myc antibodies.

2.8. Tanshinones extraction and HPLC analysis

Hairy roots were dried at 45 ◦C, ground, and 20 mg samples

extracted with 70% methanol overnight. Extracts underwent ul-

trasonic shaking (45 min), centrifugation (9391×g, 10 min), and

filtration (0.45 μm membrane). HPLC analysis followed previ-

ously described methods33.

2.9. Luciferase assays

Promoter sequences of the genes DXS2, CPS1, KSL1, and

CYP76AH1 were amplified and ligated into the reporter vector

pGreenII 0800-LUC. Effector constructs were generated by

cloning bHLH130 and DELLA4 CDS into the pGreenII 62-SK

vector. These recombinant vectors were introduced into Agro-

bacterium tumefaciens strain GV3101. Mixed bacterial suspen-

sions were infiltrated into tobacco leaves, which were

subsequently grown under greenhouse conditions for an additional

three days. Luciferase activities were quantified using a dual-

luciferase assay system (Yeasen, Shanghai, China) with a Vari-

oskan™ LUX multimode microplate reader (Thermo, Waltham,

USA). Visualization of fluorescence signals was achieved using a

chemiluminescent imaging system (CLINX, Shanghai, China).

2.10. Electrophoretic mobility shift assay (EMSA)

The CDS of bHLH130 was amplified via PCR using specialized

primers and subsequently ligated into the pET-32a vector to pro-

duce recombinant proteins. The resulting plasmids were then

transformed into Escherichia coli strain BL21 (DE3). Recombi-

nant bHLH130 proteins fused with a His-tag were expressed and

purified through Ni-NTA affinity chromatography. Synthetic DNA

probes containing wild-type and mutant E-box motifs, as detailed

in Table S1, were synthesized chemically. EMSA experiments

were conducted using the LightShift Chemiluminescent EMSA

Kit (Thermo, Waltham, USA). Following incubation at 25 ◦C for

30 min, protein-DNA complexes were separated using PAGE, and

the results were visualized through chemiluminescent imaging.

2.11. Protein interaction predication

The amino acid sequences of bHLH130 and DELLA proteins were

used as inputs for protein complex modeling. Protein complexes

were predicted using AlphaFold3-Multimer34 via the ColabFold

platform and the AlphaFold3_mmseqs2 notebook with default

parameters. Interface residues between bHLH130 and DELLA4

were identified using the “InterfaceResidues” PyMOL script.

2.12. Generation of transgenic hairy roots

For overexpression constructs, CDS of bHLH130 and DELLA4

were cloned into binary vectors 35S: 3 × FLAG and 35S:

5 × Myc, respectively. To generate the co-expression vector, the

35S:5 × Myc-DELLA4-NOS cassette was subcloned into the

35S:bHLH130-3 × FLAG binary vector. The CRISPR/Cas9 gene-

editing vector was constructed by designing sgRNA for the

bHLH130 DNA sequence using the CRISPR-GE online tool35.

Complementary oligo pairs synthesized by Tsingke Biotech

(Hangzhou, China) were annealed to form sgRNA and inserted

into the pHEE401E vector36. Vectors were individually trans-

formed into S. miltiorrhiza via Agrobacterium rhizogenes strain

ATCC15834 to produce transgenic hairy roots.

2.13. Protein extraction and cell-free degradation

Tobacco leaves transiently expressing Myc-tagged DELLA4 pro-

teins were harvested, rapidly frozen, and pulverized in liquid ni-

trogen. In certain experiments, plants were pretreated with

50 μmol/L paclobutrazol for six days (applied once every three

days, twice in total) before the expression of Myc-DELLA4 con-

structs. Protein was extracted using degradation buffer (25 mmol/L

Tris—HCl pH 7.5, 10 mmol/L NaCl, 10 mmol/L MgCl2, 4 mmol/L

PMSF, 5 mmol/L DTT, 10 mmol/L ATP) and clarified twice via

centrifugation at 15,000×g at 4 ◦C for 10 min37. Extracted proteins

were evenly divided and incubated in the presence or absence of

proteasome inhibitor MG132 (or equivalent volumes of DMSO as

control). Reactions proceeded at 22 ◦C, with samples collected at

designated time points. Western blotting (WB) was subsequently

performed to evaluate DELLA protein stability.

3. Results

3.1. Transcriptomic analysis identifies bHLH130 as a GA-

responsive gene in hairy roots

Previous studies have shown that exogenous application of GA

enhances the accumulation of tanshinones29. To thoroughly

characterize the genes responsive to GA treatment, we performed

RNA-seq analysis on hairy root samples subjected to GA exposure

and untreated controls (CK). Differentially expressed genes

(DEGs) were screened using stringent criteria of |log2 fold change

(FC)| ≥ 1 and statistical significance of P < 0.05, resulting in the

identification of 4280 DEGs, which are depicted in the volcano

plot (Fig. 1A). Among these identified genes, 1882 were signifi-

cantly induced, whereas 2398 were significantly suppressed in

GA-treated groups relative to control samples. Gene Ontology

(GO) enrichment analysis identified “Catalytic activity”, “Mem-

brane”, and “Response to stimulus” as the most significantly

represented functional categories (Fig. 1B). Furthermore, the

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment

results highlighted marked enrichment in categories associated

with “Metabolic pathways”, “Biosynthesis of secondary metabo-

lites”, and “Plant hormone signal transduction” (Fig. 1C).

Subsequently, expression patterns of several key genes asso-

ciated with tanshinone synthesis were evaluated following GA

treatment. Specifically, seven critical biosynthetic genes, including

DXS2, GGPPS, KSL1, and CYP76AH1, exhibited significantly

elevated transcript levels in GA-treated hairy roots (Fig. 1D).

These genes are directly involved in tanshinone biosynthesis10.

Further transcriptomic analysis identified potential regulatory

factors modulating tanshinone biosynthesis in response to GA.

Expression levels increased for 237 TF-encoding genes, whereas

112 TF-encoding genes exhibited decreased expression

(Table S1). Notably, bHLH130, orthologous to Arabidopsis

bHLH130, displayed significant downregulation (Supporting In-

formation Fig. S1A. RT-qPCR confirmed this significant repres-

sion of bHLH130 expression following GA treatment (Fig. S1B).

We then assessed whether bHLH130 expression depended on GA

concentration. 18-day-old hairy roots were treated with various

GA concentrations (0, 50, 100, and 150 μmol/L) for 3 days.
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bHLH130 transcript levels decreased in a dose-dependent manner

(Fig. 2A). These results indicate a crucial role for bHLH130 in the

GA signaling pathway.

3.2. Characterization and subcellular localization of bHLH130

The coding sequence of bHLH130 was amplified from S. mil-

tiorrhiza to facilitate the characterization of this gene. Analysis

revealed that bHLH130 possesses an ORF spanning 1188 bp,

which encodes a predicted polypeptide consisting of 395 amino

acids. To better understand the physiological relevance of

bHLH130, its transcript abundance was quantified across different

tissues via RT-qPCR. Expression analysis detected bHLH130 in

diverse plant organs, including flowers, stems, leaves, fibrous

roots, root epidermis, and xylem. Notably, expression levels were

highest in roots (root epidermis, xylem, and fibrous roots) and

leaves (Fig. 2B). Since tanshinones accumulate and are synthe-

sized primarily in roots, the high expression of bHLH130 suggests

its functional role in tanshinone biosynthesis.

Given that TFs are DNA-binding proteins that interact with the

promoters of target genes and control their expression in the nu-

cleus, we performed a subcellular localization assay to explore

whether bHLH130 locates in nuclear. Thus, the bHLH130 coding

sequence was fused to a GFP reporter driven by the cauliflower

mosaic virus 35S constitutive promoter, creating the fusion

construct 35S:bHLH130-GFP. This construct was transiently

introduced into tobacco leaves. Subsequent imaging by confocal

microscopy revealed distinct nuclear accumulation of the fusion

protein (bHLH130-GFP), in contrast to the even distribution

observed for the control GFP protein (35S:GFP) alone (Fig. 2C).

To further confirm localization under physiological conditions,

hairy roots of S. miltiorrhiza stably expressing the bHLH130-GFP

fusion protein were generated. Consistent with transient assays,

bHLH130-GFP was specifically localized to the nucleus (Fig. 2D),

while negative control roots showed no detectable fluorescence

(Fig. S1C). This result is consistent with the localization observed

in the leaves of tobacco.

3.3. bHLH130 negatively regulates tanshinone biosynthesis

To elucidate the biological roles of bHLH130, stable hairy root

lines (bHLH130OE) overexpressing bHLH130 driven by the 35S

promoter were established in S. miltiorrhiza. Hairy root generated

by A. rhizogenes strain ATCC15834 without plasmids served as

Figure 1 Transcriptomic profiling of GA-treated hairy roots in S. miltiorrhiza. (A) Volcano plot of DEGs between GA-treated and CK hairy

roots; (B) GO classification of DEGs between GA-treated and CK hairy roots; (C) KEGG enrichment analysis of DEGs between GA-treated and

CK hairy roots; (D) Expression patterns of key tanshinone biosynthetic genes under GA treatment.
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control samples (CK). Positive transgenic hairy roots were vali-

dated through PCR analysis (Supporting Information Fig. S2).

Three independent bHLH130OE lines were selected for subsequent

analyses. Expression of bHLH130 significantly increased in

transgenic lines compared with CK, although variation existed

among independent lines (Fig. 3A).

Cryptotanshinone (CT), dihydrotanshinone I (DT-I), tan-

shinones I (T-I), and tanshinone IIA (T-IIA) are the predominant

tanshinone constituents identified in S. miltiorrhiza. As indicated

in Fig. 3B, substantial reductions were observed in CT, DT-I, T-I,

and especially T-IIA concentrations within the bHLH130OE

transgenic hairy root lines. To further explore the role of

bHLH130, we generated mutant lines (bHLH130KO) using

CRISPR-Cas9 gene editing technology (Fig. 3C). Knockout mu-

tants displayed significantly increased tanshinone contents

compared to CK (Fig. 3D). These results suggest that bHLH130

negatively regulates tanshinone accumulation.

3.4. bHLH130 directly binds promoters of tanshinone

biosynthetic genes to repress their expression

To further clarify the regulatory influence of bHLH130 on tan-

shinone biosynthetic processes, a transcriptomic analysis was

undertaken comparing bHLH130OE lines with CK plants.

Employing stringent criteria (|log2FC| > 1; P < 0.05), the analysis

identified 5668 genes with altered expression patterns, comprising

3002 upregulated and 2666 downregulated transcripts (Fig. 4A).

KEGG pathway enrichment analysis highlighted significant

enrichment of differentially expressed genes within “Organismal

Systems”, “Genetic Information Processing”, and “Metabolism”

categories (Fig. 4B). Notably, several key genes crucial for tan-

shinone production, such as DXS2, CPS1, KSL1, and CYP76AH1,

displayed significantly decreased transcriptional levels within

bHLH130OE hairy roots (Fig. 4C). These findings were further

substantiated through RT-qPCR assays, demonstrating significant

downregulation of these genes in bHLH130OE roots (Fig. 5A) and

upregulation in bHLH130KO lines (Fig. 5B), consistent with the

RNA-seq data.

It is widely acknowledged that bHLH transcription factors

exert their regulatory effects by directly interacting with specific

DNA elements, typically canonical G-box (CACGTG) or E-box

(CANNTG with N � A, T, G, C) sequences38. Therefore, we

analyzed the promoter sequences of these genes and found that all

four promoters contain the E-box motif. Subsequently, Y1H as-

says determined whether bHLH130 directly binds to the pro-

moters of DXS2, CPS1, KSL1, and CYP76AH1 in vitro. Promoter

Figure 2 Expression patterns and subcellular localization of bHLH130. (A) RT-qPCR analysis of bHLH130 expression in 18-day-old hairy

roots treated with GA; Actin served as internal control; (B) Tissue-specific expression of bHLH130 in leaves, stems, flowers, root epidermis,

xylem, and fibrous roots of 2-year-old plants during flowering. Leaf expression was normalized to 1, with Actin as internal control; (C) Transient

expression of bHLH130-GFP fusion protein in N. benthamiana leaves confirmed nuclear localization; (D) Stable expression of bHLH130-GFP

fusion protein confirmed nuclear localization in S. miltiorrhiza hairy root cells. Data are presented as the mean ± SD (n � 3), with different

letters indicating statistically significantly at P < 0.05 (one-way ANOVA).
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fragments (DXS2pro, CPS1pro, KSL1pro, and CYP76AH1pro)

were integrated separately into Y1HGold yeast cells. After

introducing the pGADT7-bHLH130 plasmid, all strains carrying

target promoters grew on selective media (Fig. 6A). We then

performed an EMSA assay to further verify whether bHLH130

binds to the promoters of DXS2, CPS1, KSL1, and CYP76AH1.

His-tagged bHLH130 protein (bHLH130-His) and labeled DNA

probes containing E-box motifs revealed clear protein‒DNA

complexes band. Competition assays with unlabeled probes

confirmed specificity (Fig. 6B). These results provide strong evi-

dence confirming that bHLH130 binds to the native promoters of

at least four tanshinone biosynthetic genes.

Subsequently, we examined whether bHLH130 repressed the

transcription of four tanshinone biosynthetic genes using a dual

transactivation luciferase system (LUC/REN) in tobacco leaves.

Promoter fragments driving LUC (DXS2pro:LUC, CPS1pro:LUC,

KSL1pro:LUC, CYP76AH1pro:LUC ) were co-expressed with

bHLH130 (35S promoter-driven effector). Co-expression with

bHLH130 resulted in significant repression of luciferase activity

compared with controls (Fig. 6C and D). These results demon-

strate that bHLH130 negatively regulates tanshinone biosynthesis

by directly binding and repressing these target genes.

3.5. bHLH130 interacts closely with the GA-signaling repressor

DELLA

Previous experiments demonstrated that GA suppresses bHLH130,

suggesting its potential involvement in the GA signaling pathway.

To test this hypothesis, AlphaFold3 predicted the interaction po-

tential between bHLH130 and DELLA proteins. The predicted

bHLH130‒DELLA4 complex showed a higher interface-

predicted TM score (ipTM � 0.66) compared to complexes

Figure 3 Overexpression and knockout of bHLH130 affect tanshinone accumulation in hairy roots. (A, C) HPLC quantification of CT, DT-I,

T-I, and T-IIA contents in hairy roots; (B, D) Genomic DNA sequences of bHLH130 knockout (bHLH130KO) lines; original sequence shown at

top. Statistical significance determined by Student’s t-test. *P < 0.1, **P < 0.01, data are presented as the mean ± SD.
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involving DELLA1 (0.24), DELLA2 (0.28), and DELLA3 (0.45).

This indicates that bHLH130 may preferentially form complexes

with DELLA4 (Fig. 7A). Furthermore, the analysis of

bHLH130‒DELLA4 complex exhibits that bHLH130 Ala-223

forms two H-bonds with Glu-234 and Try-235 of DELLA4, and

bHLH130 Gln-303 forms another H-bond with Glu-88 of

DELLA4 (Fig. 7A). Previous research has reported that the

C-terminal of DELLA is responsible for interacting with the

C-terminal of bHLH130 via Y2H assay39. Therefore, in the

bHLH130‒DELLA4 complex, bHLH130 Ala-223, Gln-303 and

Glu-234, and Try-235 of DELLA may form the core interaction

interface.

Furthermore, Y2H experiments were also employed to verify

protein‒protein interactions between DELLA family members

and bHLH130. Strong activation of the reporter genes MEL1,

ADE2, HIS3, and lacZ was detected in yeast strains simulta-

neously expressing bHLH130 and DELLA4, as indicated by

distinct blue colony formation on selective SD medium lacking

Ade, His, Leu, and Trp but supplemented with X-α-Gal (Fig. 7B).

On the other hand, DELLA2 exhibited only weak interaction with

bHLH130, and interactions involving DELLA1 and DELLA3

were almost undetectable (Supporting Information Fig. S3). To

further validate the interactions between bHLH130 and DELLA4

protein in vivo, Co-IP assays verified the interaction between

bHLH130 and DELLA4 in plant tissues. Transient co-expression

assays conducted in tobacco leaves expressing bHLH130-FLAG

and Myc-DELLA4 fusion proteins demonstrated successful co-

precipitation of Myc-DELLA4 using anti-FLAG antibodies mag-

netic beads (Fig. 7C). Finally, the BiFC assay results revealed

pronounced fluorescent signals localized specifically within nuclei

of tobacco leaf cells transiently co-expressing YFPC-bHLH130

and YFPN-DELLA4 fusion proteins (Fig. 7D). Collectively, these

data provide compelling evidence for the specific interaction be-

tween bHLH130 and DELLA4 in vivo.

3.6. DELLA4 attenuates the inhibitory effect of bHLH130 on

tanshinones biosynthesis

To determine whether the interaction between bHLH130 and

DELLA4 influences the regulation of bHLH130 target genes,

KSL1 was selected as a representative target gene for dual-LUC

assays. The results indicated that bHLH130 significantly

repressed KSL1 expression, but this repression was attenuated

upon co-expression of DELLA4(Fig. 8A). Furthermore, we also

generated DELLA4-overexpressing (DELLA4OE) and bHLH130-

DELLA4 co-overexpressing (DELLA4+bHLH130OE) hairy

roots to explore whether DELLA4 impedes the function of

bHLH130 in tanshinone biosynthesis. Quantification showed

significantly increased tanshinone levels (CT, DT-I, T-I, T-IIA) in

DELLA4OE lines. However, tanshinone contents remained un-

changed relative to control when bHLH130 and DELLA4 were co-

overexpressed (Fig. 8B). These findings suggest that DELLA4

Figure 4 Transcriptome analysis indicates bHLH130 regulates tanshinone pathway genes. (A) Volcano plot of DEGs between CK and

bHLH130OE hairy roots; (B) KEGG classification of DEGs; (C) Heatmap illustrating expression fold-changes (log2FC) of tanshinone

biosynthesis-related genes in bHLH130OE lines relative to CK.
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binds bHLH130, thereby diminishing its repressive effect on

tanshinone biosynthesis genes and promoting metabolite

accumulation.

Since DELLA proteins act as negative regulators in the GA

pathway and undergo GA-mediated degradation, we conducted a

series of assay to investigate whether DELLA4 degradation de-

pends on GA. Firstly, we investigated whether DELLA4 degra-

dation via the ubiquitin-26S proteasome system. To this end, a

cell-free system was conducted to explore the degradation rate

of myc-DELLA4 in the presence or absence of the proteasome

inhibitor MG132. Western bolt assay showed that the Myc-

DELLA4 protein degraded rapidly in absence of MG132, while

degradation was significantly delayed in its presence (Fig. 8C).

These results indicate that DELLA4 can be degraded by the 26S

proteasome. Subsequently, we investigated whether this degrada-

tion process requires GA. Tobacco leaves were pretreated with

paclobutrazol to inhibit endogenous GA biosynthesis prior to the

transient expression of DELLA4. As shown in Fig. 8C, paclobu-

trazol inhibited SmDELLA4 degradation, confirming that its

degradation depends on GA.

4. Discussion

Plants widely synthesize terpenoids, and their biosynthesis is

influenced considerably by various biotic and abiotic environ-

mental stress factors, affecting both crop productivity and nutri-

tional quality40,41. Additionally, due to their distinct chemical

attributes, terpenoids are extensively utilized by pharmaceutical

industries for medicinal applications. Tanshinones, diterpenoid

compounds predominantly isolated from the herb S. miltiorrhiza,

have long been employed in treating cerebrovascular and

cardiovascular diseases. However, as typical for many bioactive

natural products, tanshinones inherently accumulate at relatively

low concentrations in plant tissues. Previous reports have

demonstrated that exogenous GA application significantly stimu-

lates tanshinone production in S. miltiorrhiza29,42, although the

precise underlying molecular mechanisms were not fully eluci-

dated. This study identified the GA-responsive TF bHLH130 as a

negative regulator of tanshinone synthesis, directly interacting

with promoters of key genes involved in the tanshinone biosyn-

thetic pathway. Moreover, bHLH130 physically associates with

DELLA4, a recognized repressor in GA signal transduction.

4.1. bHLH130 acts as a negative regulator of tanshinone

biosynthesis

Plant secondary metabolite biosynthesis is governed by complex

regulatory pathways at transcriptional, post-transcriptional,

translational, post-translational, and chromatin levels. Transcrip-

tional regulation, the initial step in the flow of information from

genome to proteome, critically determines secondary metabolite

accumulation43. Both academic and commercial interests have

driven extensive research to elucidate how TFs orchestrate sec-

ondary metabolite production. Belonging to one of the most

abundant groups of plant TFs family, bHLH proteins are widely

conserved among eukaryotes. These TFs act either as repressors or

activators essential for plant responses to environmental stimuli,

as well as developmental and growth-related processes38. In

addition, bHLH TFs are recognized as key regulators influencing

secondary metabolism pathways across numerous medicinal plant

species, notably Artemisia annua and S. miltiorrhiza21,44,45. In A.

annua, AabHLH1 directly activates expression of AaADS and

Figure 5 Expression of key tanshinone biosynthetic genes in transgenic hairy roots. (A) Expression levels in bHLH130OE hairy roots; (B)

Expression levels in bHLH130KO hairy roots. **P < 0.01, data are presented as the mean ± SD.
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AaCYP71AV1, consequently enhancing artemisinin biosynthesis44.

Several distinct bHLH TFs have also been identified from S.

miltiorrhiza. Among these, SmbHLH37 positively impacts sal-

vianolic acid B accumulation by directly interacting with the

promoters of SmTAT1 and SmPAL1, thereby activating their

transcription46. SmbHLH59 activates tanshinone and phenolic

acid biosynthesis by binding E/G-box motifs in pathway gene

promoters; however, this activation is inhibited by interactions

with JAZ1 and JAZ847. Previously, we demonstrated that over-

expression of bHLH10 enhances tanshinone biosynthesis21.

Collectively, these studies indicate that bHLHs predominantly act

as positive regulators of bioactive compound biosynthesis. How-

ever, in this research, we wandered whether bHLH negatively

regulate tanshinone biosynthesis. GA treatment increased tan-

shinone levels in hairy roots, and DEG analysis identified

bHLH130, significantly downregulated in GA-treated hairy roots

(Figs. 1 and 2). In addition, the apple homologous gene

MdbHLH130 was reported negatively regulated the flavonoid

biosynthesis48. Prompted by these findings, we further examined

the hypothesis that bHLH130 might negatively modulate tan-

shinone production. Subsequent molecular and genetic

investigations substantiated this hypothesis, demonstrating

conclusively that bHLH130 acts as a repressor of tanshinone

synthesis.

It is increasingly acknowledged that the physical clustering of

specialized metabolite biosynthetic genes is not exclusive to mi-

crobial organisms. An expanding number of biosynthetic gene

clusters in plants have been reported, frequently exhibiting coor-

dinated regulatory patterns reported49,50. Such clusters typically

display synchronized transcriptional responses when subjected to

external hormones or environmental stressors, both biotic and

abiotic. Consequently, unknown biosynthetic genes in one cluster

can be predicted through co-expression analysis across tissues,

developmental stages, and stress treatments51. Previous studies

identified CPS1, KSL1, and CYP76AH1 within a large tanshinone

biosynthetic gene cluster on chromosome 6 of S. miltiorrhiza14.

CPS1 and KSL1 participate in synthesizing the abietane-type

diterpene miltiradiene, a potential intermediate in tanshinone

biosynthesis. Subsequently, CYP76AH1 oxidizes miltiradiene into

ferruginol, forming a critical branching point in the pathway13.

Several reports indicate that the upstream MEP-pathway gene

DXS2 typically acts synergistically with CPS1 during tanshinone

Figure 6 bHLH130 binds to E-boxes in tanshinone biosynthetic gene promoters and represses their transcription. (A) Y1H assays confirmed

binding of bHLH130 to E-box motifs in DXS2, CPS1, KSL1, and CYP76AH1 promoters; (B) EMSA verified specific binding of bHLH130 to

promoter fragments; (C) Luciferase imaging (LUC) captured three days post-infiltration; (D) LUC assays showed bHLH130 significantly

repressed transcription of DXS2, CPS1, KSL1, and CYP76AH1 promoters (relative LUC activity normalized to REN luciferase). **P < 0.01, data

are presented as the mean ± SD.
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biosynthesis20,52,53, suggesting coordinated regulation by a com-

mon TF. In our study, we demonstrated that bHLH130 coordinately

regulates DXS2, CPS1, and other key genes (HMGR, CYP76AH1,

and CYP76AH, Fig. 4C). Nevertheless, results from in vitro and

in vivo assays indicated that bHLH130 only directly associates with

E-box sequences in the promoter regions of four key tanshinone

biosynthesis genes (DXS2, CPS1, KSL1, CYP76AH1). This in-

dicates that these genes are directly regulated by bHLH130, while

HMGR and CYP76AH3 may be regulated indirectly by this TF

(Fig. 6). Recent research has shown that bHLH51 interacts with

MYB111 and TTG1 to form a MYB-bHLH-WD40 (MBW) com-

plex, which regulates the accumulation of phenolic acids and

tanshinones in S. miltiorrhiza54. Furthermore, the MBW complex

in A. thaliana also plays a crucial role in pectin biosynthesis55.

These findings suggest that bHLH130 may also participate in

regulating the expression of HMGR and CYP76AH3 by forming its

own MBW complex. Future research should aim to identify

additional TFs that interact with bHLH130 to explore the molec-

ular mechanisms underlying its role in regulating tanshinone

biosynthesis. Take together, the comprehensive genetic, molecular,

and biochemical evidence, it is reasonable to propose that

bHLH130 can directly binds to the cis-elements of the three genes

within the tanshinone biosynthetic gene cluster and one gene

(DXS2) in MEP pathway, thereby negatively regulating tanshinone

biosynthesis (Figs. 4C and 6A, and B).

4.2. GA exhibits dual roles in tanshinone biosynthesis

GA, an essential plant hormone, orchestrates diverse biological

processes, including seed germination, floral induction, stem

elongation, and seed maturation22. Depending upon the plant

species, specific tissue contexts, and GA dosage, GA can either

stimulate or inhibit secondary metabolite biosynthesis. For

instance, GA application markedly elevates anthocyanin content

and PAL activity in apples, whereas in litchi (Litchi chinensis),

GA exposure significantly suppresses biosynthetic genes such as

PAL, C4H, CHS, and UFGT 56. Previously, it was shown that

external GA treatment enhances tanshinone production in S. mil-

tiorrhiza by elevating transcript levels of genes such as CPS1 and

KSL129,42. In contrast, our current results revealed the down-

regulation of CPS1 and KSL1 by bHLH130, suggesting a hy-

pothesis wherein GA might enhance tanshinone biosynthesis by

suppressing bHLH130 expression. It is well established that the

biosynthesis of plant secondary metabolites under normal growth

conditions incurs ecological costs and may adversely affect plant

growth57. Although it remains unclear whether excessive tan-

shinone accumulation harms S. miltiorrhiza roots, recent research

indicates cytotoxic effects of tanshinone IIA on A. thaliana roots.

Additionally, tanshinones can be exported from peridermal cells

into the soil via the ABC transporter SmABCG158. Thus, it is

plausible that S. miltiorrhiza evolved mechanisms to limit

Figure 7 Interaction between bHLH130 and DELLA4. (A) AlphaFold3-predicted structure of the bHLH130 (purple)‒DELLA4 (yellow)

complex, with interface-predicted TM score (ipTM); (B) Y2H assays confirming interaction between bHLH130 and DELLA4; (C) Co-IP assay

verifying interaction of bHLH130 with DELLA4; (D) BiFC assay demonstrating interaction between bHLH130 and DELLA4.
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excessive tanshinone production in response to complex and

changing environment.

DELLA proteins function as key repressors in GA signaling.

Initially, GA binds the receptor GID1, causing a conformational

change. This facilitates binding and complex formation with

DELLA proteins, which are subsequently degraded via the ubiq-

uitin‒proteasome pathway. This degradation releases transcrip-

tional inhibition, activating downstream GA-responsive

genes28,59,60. Moreover, DELLA proteins can interact with

bHLH TFs, inhibiting their transcriptional activity. Experimental

evidence indicates DELLA proteins directly bind MYC2,

impairing its DNA-binding capability and affecting volatile

sesquiterpene biosynthesis in A. thaliana59,61. S. miltiorrhiza

contains four DELLA proteins25. Our study demonstrated that

DELLA4 degradation depends on GA and interacts with

bHLH130 (Figs. 7 and 8C), suggesting that bHLH130 regulates

tanshinone biosynthesis via the GA-DELLA signaling pathway.

To further investigate the molecular mechanisms underlying this

interaction, we performed Dual-LUC assays to assess the effects

of DELLA4 and bHLH130 on KSL1. Results indicated that

bHLH130 represses KSL1 expression, but this repression is

reduced upon co-expression with DELLA4 (Fig. 8A). Moreover,

we generated DELLA4OE and DELLA4+bHLH130OE co-

expressing hairy roots to explore whether DELLA4 impedes the

function of bHLH130 in tanshinone biosynthesis. Quantification

of tanshinones demonstrated that the DELLA4OE lines

significantly increased levels of CT, DT-I, T-I, and T-IIA. In

contrast, when DELLA4 and bHLH130 were co-overexpressed, the

levels of tanshinones did not significantly change compared to CK

(Fig. 8B). These results suggest that when DELLA4 is overex-

pressed, it will bind more bHLH130, thereby disrupting the func-

tion of bHLH130 and enhancing tanshinone biosynthesis.

Conversely, in the case of co-overexpression of DELLA4 and

bHLH130, despite the elevation of bHLH130 protein levels, it re-

mains bound by the concurrently increased DELLA4 protein.

Consequently, the levels of tanshinones in the

DELLA4+bHLH130OE lines did not significantly change

compared to CK. Based on these results, we propose a regulatory

model outlining the relationship between GA signaling and the

biosynthesis of tanshinones: under GA-deficient conditions,

DELLA proteins physically interact with and possibly sequester

bHLH130, while other transcription factors mediate gene expres-

sion within the tanshinone biosynthetic route. However, in the

presence of GA, transcription of bHLH130 is repressed, dimin-

ishing its suppressive impact and thus facilitating elevated tan-

shinone production. Simultaneously, GA triggers DELLA protein

degradation through proteasome-mediated pathways, releasing

bHLH130. Consequently, free bHLH130 represses the transcription

of critical tanshinone biosynthetic genes, such as DXS2, CPS1,

KSL1, and CYP76AH1, ultimately inhibiting tanshinone biosyn-

thesis. Through this multiple regulatory mechanism, the accumu-

lation of tanshinones is kept in check, preventing adverse effects on

Figure 8 DELLA4 reduces the inhibitory effect of bHLH130 on tanshinones biosynthesis. (A) DELLA4 attenuates the transcriptional

repression activity of bHLH130 on the KSL1 promoter. (B) Quantification of tanshinones in DELLA4OE and DELLA4+bHLH130OE hairy roots.

(C) Effects of MG132 and GA on DELLA4 protein degradation in the cell free assay. *P < 0.1, **P < 0.01, data are presented as the mean ± SD.
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the normal growth of the plants. Meanwhile, these observations

also underscore GA’s complex regulatory function in modulating

tanshinone production through intricate molecular interactions

involving DELLA proteins and bHLH130 (Fig. 9).

5. Conclusions

This study identified and functionally characterized bHLH130, a

GA-responsive TF that negatively regulates tanshinone biosyn-

thesis in S. miltiorrhiza hairy roots. Molecular mechanism ana-

lyses indicate that bHLH130 directly regulates the expression of

genes involved in the tanshinone pathway, including DXS2, CPS1,

KSL1, and CYP76AH1, thereby repressing tanshinone production.

Furthermore, we reveal that bHLH130 interacts with DELLA4 to

participate in GA signal mediating the tanshinone biosynthesis

accumulation. Collectively, these insights significantly expand our

understanding of bHLH TFs and GA-related regulatory networks

governing secondary metabolism in plants.
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