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KEY WORDS Abstract  Tanshinones (TAs), well-known specialized diterpenoid metabolites in Salvia plants, exhibit
distinct tissue-specific production in the root periderm. However, the mechanisms regulating this accumu-
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Tanshinones biosynthesis;
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lation pattern remain unknown. Here, we employed a multi-omics analysis strategy to uncover the tran-
scriptional regulatory network responsible for TA biosynthesis in Salvia miltiorrhiza roots. By integrating
metabolic profiling, RNA-seq, and ATAC-seq, we profile the temporo-spatial dynamics of metabolic,

network; transcriptional, and chromatin landscapes during early root development. Our results demonstrate that
TAs biosynthesis and accumulation in S. miltiorrhiza roots display spatiotemporal patterns, marked by
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periderm-specific accumulation and initiation exclusively at specific developmental stages, tightly coor-
dinated with dynamic changes in chromatin accessibility and transcriptional regulation. The constructed
transcriptional regulatory network driving TA biosynthesis was found to be dominated by 211 key tran-
scription factors (TFs). Experimental validations highlighted SmERF105 as a key positive regulator of

TA, activating the transcription of KSLI, CYP76AH3, and the TA transporter ABCGI to modulate the
TA production. Our study uncovers novel, high-confidence regulators and offers an effective strategy
for dissecting the genetic basis of plant specialized metabolites, offering value for advancing TA meta-

bolic engineering.

© 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

Diterpenes, compounds with 20 carbons in their structures, are one
of the most common natural product classes. Abietane-type
diterpenoids (ATD), a representative diterpenoid class in the
Salvia genus (Lamiaceae family), have been shown to exhibit
various pharmacological activities, such as antitumor, antioxidant,
anti-inflammatory, antimicrobial, anti-HIV, cardioactive proper-
ties, as well as effects on diabetes and leishmaniasis'?. Tan-
shinones (TAs) are representative compounds of the phenolic
abietanes widely found within the Lamiaceae family and are the
bioactive diterpenoid constituents of the traditional Chinese me-
dicinal herb Salvia miltiorrhiza (Danshen)®. Over eighty tan-
shinones were identified, which exhibit therapeutically relevant
biological activities, including antibiotic, anti-inflammatory, and
antioxidant properties, as well as cardioprotective activity*”.
ATDs exhibit chemical diversity among lineages. TA and
carnosic acid (CA) derivatives constitute two significant classes of
ATDs, distinguished by their remarkable lineage-specificities.
Concurrently, the two classes of ATDs display distinct distribu-
tion patterns, with TAs predominantly accumulating in the peri-
derm of roots and CAs in the aerial parts®. Correspondingly, the
transcriptional pattern of the biosynthesis pathway has also
differentiated, most of which fall into two conserved terpenoid
biosynthetic gene clusters (BGC) in Lamiaceae (Supporting In-
formation Fig. $1)*°~"!. For instance, copalyl diphosphate syn-
thase 1 (CPS1) and kaurene synthase-like 1 (KSL1) sequentially
convert geranylgeranyl diphosphate (GGPP) to miltiradiene,
shaping the structural features of ATD within the Salvia
genus®™'>'®. However, although KSL1 and CPS1 from different
taxa have the same function, their transcriptional patterns are
markedly different. In S. officinal, for example, they are exclu-
sively expressed in aerial tissues to produce CAs, while in S.
miltiorrhiza, they are specifically expressed in the root periderm to
synthesize TA. Likewise, the CYP76AH, CYP76AK, and
CYP71D subfamilies, which have driven ATD diversity across
Salvia taxa, also exhibit distinctly differentiated transcriptional
patterns according to their functional divergence®*!'%!13,
Notably, although the catalytic mechanism for the divergence of
the ATD biosynthesis pathway has been almost illustrated, the
transcriptional regulation mechanism involved remains unclear.
Given the favorable pharmacological activities of TAs and the
widespread use of S. miltiorrhiza as a raw material for drug
development, we investigated the transcriptional regulatory
mechanisms of TAs using S. miltiorrhiza as a model system.
Furthermore, our preliminary study found that the transporter
ABCGI] can transport tanshinones and is close to the cluster of

tanshinone pathway genes'®. In plants, the biosynthesis, transport,
and storage of secondary metabolites are coordinated processes. It
has been observed that in the Cucurbitaceae family, a common
transcription factor coordinately regulates clusters of transporter
and pathway genes'”. Thus, it is worth investigating whether an
efficient regulatory mechanism exists in S. miltiorrhiza that co-
ordinates ABCG1 with the tanshinone pathway genes.

Spatiotemporal omics offers high-resolution, precise insights
into the regulatory networks of metabolic pathways, especially for
compounds exhibiting distinct distribution specificity, develop-
mental stage-specificity, or conditional accumulation. For instance,
by integrating metabolomic and transcriptomic profiling from
twenty tomato samples of various tissues and developmental
stages, a comprehensive metabolic and transcriptomic landscape of
tomato growth and development was constructed, accurately
identifying SIbHLH114 as a novel positive regulator of the ste-
roidal alkaloid biosynthesis pathway'®. A dynamic profile of
organic acid components during the development of kiwifruit
(Actinidia spp.) illustrates that AcNACT serves as the key regulator
of the transporter for citrate to upgrade its accumulation in kiwi-
fruit'®. Although some multi-omic studies of S. miltiorrhiza have
predicted multiple TFs to be involved in transcriptional regulation
of tanshinones, most have focused on major hormone signaling and
environmental factors®™?'. Therefore, the mechanism governing
organ- and tissue-specific biosynthesis of TAs remains largely
unexplored, yet they hold great potential for unraveling the un-
derlying regulatory logic of their transcriptional network.

To establish how TAs” metabolism is directed and investigate
its underlying transcriptional regulation, we generated a high-
resolution temporal and spatial metabolome and transcriptome
dataset from different root tissues during early root development
stages of S. miltiorrhiza. We found a critical “switch” point of TA
biosynthesis and demonstrated its accumulation pattern at the root
epidermal layers. Correspondingly, the transcriptional profiles and
chromatin dynamics revealed the transcriptional network driving
TAs biosynthesis during early root development. Additionally, we
identified novel TFs, such as ERFI105, associated with TA
biosynthesis and transport. Our dataset and strategy can be a
useful resource for the identification of key regulators of important
metabolites in S. miltiorrhiza and other medicinal plants.

2.  Methods
2.1.  Preparation of plant materials

The temporal samples were harvested at 0, 5, 10, 15, 20, 25, 30, 35,
and 40 days after seed germination (DAG) of S. miltiorrhiza seeds



1570

Yajing Li et al.

cultured in a greenhouse. Roots were washed with running water and
dried on filter papers, then placed in 1.5-mL centrifuge tubes without
RNase. The tubes were immediately frozen in liquid nitrogen and
stored at —80 °C, with three replicates for RNA sequencing.
Concurrently, S. miltiorrhiza roots (4—10 biological replicates) were
lyophilized and then subjected to metabolomic analysis for TAs.

2.2.  Sample extraction and metabolomic analysis

After freeze-drying, each root samples were crushed into a ho-
mogeneous powder, of which 0.01 g was extracted with 1 mL of
80% methanol containing warfarin (200 ng/mL) as an internal
reference for 1 h in an ultrasonic bath (53 kHz, 350 W). Each
supernatant (final sample) was collected by centrifugation (12,400
% g, 10 min).

Analysis of root powders was performed with an Acquity
UPLC system (Waters, Milford, MA, USA) equipped with a bi-
nary pump, autosampler, and column compartment. The extracted
samples were subjected to UPLC with an Acquity BEH CI18
column (2.1 mm x 100 mm, 1.7 um) at 40 °C using gradient
elution with solvent A (0.1% formic acid in water) and solvent B
(0.1% formic acid in acetonitrile). The gradient was: 5%—20% B
over 0—6 min; 20%—22% B over 6—11 min; 22%—60% B over
11-20 min; 60%—65% B over 20—25 min; 65% B over
25—28 min; 65%—95% B over 28—30 min; 95% B over
30—33 min; and finally 95%—5% B over 33—38 min with 5 min
additional equilibration at 5% B. The flow rate was 0.40 mL/min,
and the injection volume was 1 pL.

The aforementioned UPLC system was coupled to an Xevo
G2-XS QTOF (Waters) equipped with an electrospray ionization
source. MS was carried out in positive-ion mode using the
following instrument settings: sample cone, 30 V; source tem-
perature, 150 °C; desolvation temperature, 450 °C; cone gas flow,
50 L/h; desolvation gas flow, 600 L/h; and capillary voltage, 3 kV.
The m/z range was 50 to 1200 with a scan time of 0.35 s. The low
collision energy was set to 6 eV, and the high collision energy was
steadily increased from 15 to 30 eV. A sodium formate solution
(0.5 mmol/L) was used to calibrate the instrument. Raw MS data
collected in continuum mode were analyzed using UNIFI software
(Waters), and raw mass spectra acquired in centroid mode were
analyzed by MS-DIAL v 4.20 (http://prime.psc.rik en.jp/compms/
msdial/main.html). The mass spectra were viewed with MassLynx
v 4.2 (Waters). TAs were identified based on the compound library
of S. miltiorrhiza we had constructed previously??.

2.3.  RNA-seq and data processing

A total of 42 transcriptome profiles from five tissues in mature
roots and nine developmental stages of seedling roots were ob-
tained by RNA-seq using the Illumina NovaSeq6000 sequencing
(150 bp, paired-end, Shanghai Biozeron Co., Ltd., Shanghai,
China). The expression level for each gene was calculated using
the fragments per kilobase of exon per million mapped reads
(FRKM). K-means cluster analysis of genes was performed in R
(v4.4.3) using Z-scaled FPKM, and the gene expression heat map
was displayed using the R package ComplexHeatmap (v2.4.3).
The identification and family classification of TFs were predicted
on the PlantTFdb website (http://planttfdb.gao-lab.org/). Differ-
entially expressed genes were identified using limma, with a P
value < 0.01 and FDR <0.01 as the criteria for significance. The
enrichment analysis of TF families was achieved using the
enricher function in the R package clusterProlifer (v3.16.1)62.

Pseudotime analysis was conducted with minor modifications
to previously published methods®. PCA was first applied to all
expressed genes to distinguish samples. Next, the Euclidean dis-
tances between neighboring samples along the developmental
trajectory were measured to generate developmental time units,
standardized on a scale from 0 to 10. For each gene, the Z-scaled
expression values were interpolated into 500 points along its
pseudotime trajectory using the loess function in R (v4.4.3),
enabling smooth and continuous comparisons. Gene clustering
and heatmap visualization were performed with mfuzz and
ComplexHeatmap, respectively.

2.4.  Correlation network of transcription factors and pathway
genes

The mean transcription levels for stage 1 (0—20 DAG) and stage 2
(25—40 DAG) were calculated as temporal data. Expression
matrices from various tissues were then merged. Using R (v4.4.3),
the Pearson correlation coefficients were determined. Correlations
with values exceeding 0.9, below —0.9, and a P value < 0.01 were
retained. Finally, the network was visualized with Cytoscape®.

2.5. ATAC-seq and data processing

For ATAC-seq data, the quality of the raw data was first assessed
using fastqc software. The raw data were then aligned to the
reference genome using the bowtie2 software®. Then, MACS2
was used to perform peak calling on each sample. After that,
we performed genomic position annotation, motif analysis, and
GO and KEGG enrichment analyses of the target genes in the

peaks’ region. The peaks were visualized using IGV software®”.

2.6.  Isolation and analysis of SmMERF105

Total RNA was extracted from 6-month S. miltiorrhiza roots and
used to construct a complementary DNA (cDNA) library as the
template. The primers were designed from the S. miltiorrhiza
genome database (Supporting Information Table S1). The PCR
products were electrophoresed in a 1% agarose gel, and the target
fragments were eluted, then cloned into Blunt-zero vectors and
transferred into the Trans1-T1 cell, further sequenced by Suzhou
Genwiz, China.

2.7.  Protein subcellular localization

The open reading frames (ORF) of SmERF105 were cloned into
the pEAQ-GFP-HT vectors using Xho I and Age I sites. The
prepared plasmids were introduced into the A. fumefaciens strain
GV3101. The results were recorded after 2 days of transformation
with the emission wavelength in the range of 488—510 nm. The
GFP fluorescence signal was imaged using a Leica TCS SP5 laser
confocal scanning microscope (Leica Microsystems, Wetzlar,
Germany).

2.8.  Yeast one-hybrid assay

The promoter fragments containing GCC cis elements were
amplified by PCR using specific primers (Table S1). The amplified
promoter fragments and the muted sequences were cloned into the
pLacZ vector as baits, and the full-length CDS of ERFI05 was
fused at the C terminus of GAL4-AD in the pB42AD vector to
construct the prey. The prepared prey and bait vectors were
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transformed into the yeast strain EGY48. Additionally, combina-
tions of the empty vector pB42AD and the prepared pLacZ vec-
tors, the pB42AD with ERF105 and the pLacZ vector with muted
sequence were transformed into the yeast strain EGY48 as the
negative control, respectively. The SD/Trp/Ura plates with
appropriate nutrients were used to screen the transformants, and
the positive clones were grown on SD/Trp/Ura plates with X-gal
for determining the protein-DNA interaction based on the blue
color development.

2.9.  Electrophoretic mobility shift assays

The SmERF105 was cloned into the pEGX-4T-1 vector to produce
GST-tagged fusion proteins. The pEGX-4T-1-SmERFI105 con-
structs, and negative control empty vectors, were transformed into
the E.colistrain transcetta DE3 (TransGen Biotech). Then,
0.5 mmol/L isopropyl (-p-1-thiogalactopyranoside was used to
induce the expression of the fusion protein for 16 h at 16 °C.
AKTA pure chromatography systems (GE Healthcare) were used
to purify proteins.

The DNA probes used in this experiment were synthesized by
Genewiz (Suzhou, China). The primers and probes are listed in
Table S1. Electrophoretic mobility shift assays (EMSAs) were
performed using the EMSA/The Gel-Shift Kit (Thermo Scienti-
fic™, USA) following the manufacturer’s instructions. After
blotting on a positively charged nylon membrane, an ultraviolet
(UV) cross-linker was used to cross-link the DNA. The biotin-
labeled DNA was detected by chemiluminescence.

2.10.  Transient dual-luciferase reporter assay

Transient expression assays were performed in N. benthamiana
leaves. The KSLI, ABCGI, and CYP76AH3 promoters were
cloned into the pGreenll 0800-LUC to generate the reporter
constructs ABCGlpro: LUC, KSLIpro: LUC, and CYP76AH3pro:
LUC, and SmERFI105 was cloned into the pGreenll 62-SK to
generate the effector construct 35Spro: SmERF105. A low-light
cooled CCD imaging apparatus (NightSHADE LB985; Berthold;
Germany) was used to capture the LUC image and quantify
luminescence intensity. The leaves were sprayed with 150 pg/mL
Beetle luciferin and were placed in the dark for 7 min before
luminescence detection with three independent experiments.
Relative LUC activity was statistically analyzed using
WINVIEW32 software. In addition, the quantitative results were
performed using the Dual-Luciferase® Reporter Assay System
(with Renilla internal reference normalization).

2.11.  Vector construction and generation of transgenic lines

We screened dual knockout sites of SmERF105, each 20 bp in
length (gRNA1l: CCTTCAACCCCTTATATAAA, gRNAZ2:
CAGCTCTTGATCTCATACGC), and co-constructed them into
the CRISPR/Cas9 system. This system was developed by replac-
ing the Cas9 promoter in the previously described Yang et al.
system with the tomato EFIa promoter”>* (Supporting Infor-
mation Fig. S2). Transform the positive vectors to GV3101 and
induce the formation of callus tissue through leaf disc trans-
formation, which then differentiates into shoots. Cut and insert the
shoots into 1/2 MS medium for rooting. Extract DNA from the
regenerated plants, amplify the fragment containing the knockout
sites with primers (Table S1), and perform sequencing to verify

the gene knockout. Obtain three gene knockout lines. After being
cultured in a greenhouse for 45 days, the roots were collected for
metabolite detection and qRT-PCR assays.

2.12.  Expression analysis of the pathway genes by quantitative
real-time PCR

Transgenic S. miltiorrhiza plants were obtained via Agrobacterium
infestation of a leaf disc. Total RNA was extracted (Trans Gen
Biotech, Beijing, China) and reversed transcription to get cDNA
library (Takara, Cat. No. 6210B). PCR were performed using
QuantStudio 3 by TB Green Premix Ex Taq II (Takara, Cat. No.
RR820A). Three independent lines were used in these experiments
for gene expression analyses. The primers used here are shown in
Table S1.

2.13.  Quantification of tanshinones by UPLC—MS/MS

Cryptotanshinone, Tanshinone IIA, Tanshinone I, and dihy-
drotanshinone I were quantified with a UPLC system (Agilent
1290 Infinity, California, USA) coupled with a G6460A triple-
quadrupole mass spectrometer. An Acquity UPLC Xselect CST
C18 column (50 mm x 2.1 mm, 2.5 um) was used for separation.
The binary gradient of water containing 0.1% formic acid/2 mmol/
L ammonium acetate (buffer A) and acetonitrile (buffer B) at a
constant flow rate of 0.3 mL/min was applied with an injection
volume of 5.0 pL. The column oven temperature was 35 °C. A
linear gradient was used: 60% B over 0—6.5 min, and 60%—90%
B over 6.5—10.0 min. The mobile phase was returned to 60% B
over 3 min, with 3 min re-equilibration. MS spectra were acquired
in positive-ion mode, which was carried out through multiple
reaction monitoring scans with optimization of the product ion
obtained from the fragment of the isolated precursor ion for each
analyte (Supporting Information Table S2). MS parameters were
set according to a previous study'®.

3. Results

3.1.  The spatiotemporal accumulation patterns of tanshinones
in S. miltiorrhiza roots

We first observed the TA accumulation pattern in S. miltiorrhiza
roots during early developmental progress, spanning from 0 to 40
days after germination (DAG) (Fig. 1A). In the initial stages after
germination (about 0—10 DAG), TA accumulation was absent in
the root, which appeared white. Around 25 DAG, TA accumu-
lation was observed in epidermal cells, which represented red
patches owing to the conjugated structure of tanshinones. With
increasing TA accumulation, the root displayed a dark red color
at 40 DAG. The time course phenotype variation of the root
indicated the biosynthesis pattern of TAs. We further featured
metabolic profiles of multiple TA metabolites. Root samples
were collected every five days after germination and were
analyzed using liquid chromatography-tandem mass spectrom-
etry (LC—Q/TOF—MS). Twelve TA metabolites were identified
in total (Supporting Information Table S3), which were relatively
quantified with 0 DAG samples as a control. As results showed,
all TA metabolites could hardly be observed during 0—20 DAG
and accumulated after 25 DAG (Fig. 1B). Take tanshinone IIA,
the most utilized tanshinone component in pharmaceuticals, its
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Figure 1  The temporal and spatial accumulation patterns of tanshinone-related metabolites in S. miltiorrhiza roots. (A) The appearance of the
roots during the early developmental period was observed by a 3D digital microscope. (B) The temporal metabolic profiling of tanshinones in S.
miltiorrhiza roots during early development stages (0—40 days after germination, DAG). The fold changes of relative abundance level (in log, fold
change) of twelve tanshinone metabolites were represented by different colors. The profiles of each metabolite can be found in Supporting
Information Table S1. (C) The accumulations of tanshinones were only observed in the periderm S. miltiorrhiza root. The tissue types of S.
miltiorrhiza root were profiled in the right panel, which was generated using ggPlantmap®. Scale bar = 50 pm. (D) The spatial metabolic
profiling of tanshinones in different S. miltiorrhiza root tissues. The relative abundance level (in log, value) of twelve tanshinone metabolites. The
profiles of each metabolite can be found in Supporting Information Table S2.
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relative abundance increased by over 300-fold during the time
course.

Besides, the color phenotype was only displayed on periderm
layers (Fig. 1C), indicating a unique spatial accumulation pattern
of TAs. The TA metabolites were further profiled. According to
the secondary root structure, the six-month-old mature S. mil-
tiorrhiza roots were manually separated into five distinct spatial
sections for metabolic profiling, from outer to inner layer: peri-
derm, cortex, protophloem, metaxylem, and protoxylem
(Fig. 1C). Consistent with the observed phenotype, all detected
TAs exhibited dominant accumulation in the periderm layers
(Fig. 1D and Supporting Information Table S4). Thus, we sup-
posed a regulatory “switch”, which turns on the TA biosynthesis
pathway at a certain developmental stage specific to root
periderm.

3.2.  The temporal transcriptome atlas during the development
stages of S. miltiorrhiza roots

Corresponding to the temporal metabolic profiling, the tran-
scriptome landscape of S. miltiorrhiza roots was generated. A total
of 27 transcriptome libraries were generated for nine time course
samples with three replicates per period (Supporting Information
Table S5). Transcript features were analyzed first. As a result,
the percentage of transcribed loci ranged from 48.91% to 58.53%
among all 29,236 loci annotated from the S. miltiorrhiza genome,
and their overall transcriptional level was also in a similar range
(Fig. 2A and B). To further feature the transcriptional dynamics of
root development, pseudotime analysis was performed, based on
principal-component analysis (PCA) distance®®, to display the
temporal order of gene expression (Fig. 2C). A clear sequential
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Figure 2  The temporal transcriptome profiling during development stages of S. miltiorrhiza roots. (A) Transcriptome-wide distribution of

transcribed loci in each temporal sample. (B) The temporal transcript levels of S. miltiorrhiza roots during early development stages (0—40 days
after germination, DAG). (C) Temporal transcriptome of the roots using pseudotime analysis. (D) GO enrichment of genes that are highly
expressed in two distinct developmental stages. (E) Expression of six genes involved in the diterpenoid pathway shows a co-expression pattern
with TA accumulation. (F) Transcriptional features of TA biosynthetic genes that are located in three BGCs.
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vs. other four tissues, x-axis) and temporal variations (25—40 DAG vs. others, y-axis).
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Figure4  The temporal variation for chromatin accessibility during the development of S. miltiorrhiza roots. (A) Distribution of open chromatin
regions (OCR) across all loci on the S. miltiorrhiza genome at 10, 20, and 35 DAG. (B) The similarities and differences of chromatin open sites in
three periods. (C, D). Peaks distribution for OCRs along the genic region, TSS: transcription start site. (E) Changes in overall chromatin openness
levels and transcription levels. (F, G) A scatter plot of 9-quadrant associate analyses shows the correlation between transcription and OCR. (H) GO
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time-serial expression pattern identified the time course into two
distinct stages. Clusters 1 and 2 (0—20 DAG) encompassed two
distinct early high-expression transcription patterns (7744 genes),
while the remaining samples (25—40 DAG) represented two
distinct clusters with 4008 highly expressed genes in total.
Although the overall counts of expressed genes showed minimal
variation across the observed developmental stages (Fig. 2A), the
perturbations of highly expressed genes were markedly signifi-
cant. We utilized Gene Ontology (GO) enrichment to explore the
majority of physiological processes (Fig. 2D). The most signifi-
cant GO terms were involved in the processes of transcription and
translation, such as RNA processing (GO:0006396), nuclear
protein-containing complex (GO:0140513), rRNA metabolic
process (GO:0016072), and ribosome biogenesis (GO:0042254),
indicating that tissue proliferation might dominate the early stages
of root development. Subsequently, secondary metabolic pro-
cesses such as diterpenoid metabolic process (GO:0016101),
phenylpropanoid metabolic process (GO:0009698), and gluco-
syltransferase activity (GO:0008194) became enriched after 25
DAG, corresponding to the accumulation pattern of TAs. As ex-
pected, the TA biosynthesis pathway showed a similar transcrip-
tional profile. Gene families involved in the common upstream
diterpenoid pathway genes (HMGR, GPPSI, MDS, DXR, HDS,
HDR) exhibit transcriptional patterns identical to TA accumula-
tion (Fig. 2E). Notably, all functionally validated genes involved
in TA biosynthesis primarily fall into three biosynthetic gene
clusters (BGC)™»'*"'>, which were highly expressed at the late
stages (Fig. 2F).

3.3.  The spatial transcriptome atlas of S. miltiorrhiza root

We also generated a spatial transcriptome map for S. miltiorrhiza
root tissues to elucidate the transcriptional mechanism of unique
TA accumulation in the periderm. The mature roots (6-month-old)
were manually separated for sequencing (Table S5). The overall
transcriptional profile was analyzed first. The number of tran-
scribed loci was similar in all tissues, ranging from 50.09% to
53.92% (Fig. 3A). However, the genes with tissue-specificities
varied significantly, with 1256 genes in periderm, whereas other
tissues exhibited far fewer, only ranging from 73 to 235 (Fig. 3A).
We also found that the overall transcription level range in the
periderm and cortex is higher than in other tissues (Fig. 3B). PCA
showed that the plots represented periderm and primary xylem
samples were separated from the others, indicating their distinctly
unique transcriptional profile (Fig. 3C).

The general transcriptional variation between each tissue was
displayed according to a trend analysis, grouping all examined
transcripts into five distinct clusters (C1—CS5) to characterize each
tissue (Fig. 3D). As shown, the transcription in periderm was
unique, with the most highly expressed genes enriched in C5.
Cortex, cambium, and metaxylem were similar in transcription,
and most of the specific genes for primary xylem fell into C1 and
C2. GO annotation was performed to further elucidate the tran-
scriptional traits and physiological properties of each cluster
(Fig. 3E). For example, the enriched categories in periderm (C5)
were mostly related to abiotic stress responses, such as osmotic
stress (GO:0006970), inorganic substance (GO:0010035), and salt
stress (GO:0009651), representing the armor-like role of root

periderm. The terms related to secondary processes were also
enriched in this cluster. In addition, the transcriptional pattern of
catalytic genes involved in TA biosynthesis was profiled. Almost
all validated genes involved in TA metabolism showed a unique
spatial expression pattern in the periderm with high transcription
level (Fig. 3F and G). For upstream terpenoid gene families,
particularly those involved in pathways such as the mevalonic acid
(MVA) and methylerythritol phosphate (MEP) pathways, with a
putative role in diterpenoid biosynthesis, some members exhibited
significant periderm-specific expression, providing additional ev-
idence for their specific involvement in TA biosynthesis (Fig. 3G).

The temporal and spatial transcription profiles of the TA
biosynthesis pathway were compared, as illustrated by the fold
change (FC) plot. Sixteen pathway genes are significantly highly
expressed in both spatial and temporal dimensions, and five genes
are highly differentially expressed in one dimension (Fig. 3H and
Supporting Information Table S6). Ten upstream genes,
comprising six MEP pathway genes (HDS, HDR, DXS2, DXR,
HDS2, MDS), one MVA pathway gene (HMGR3), GPPS3,
GPPS.LSU, and GGPPS1 exhibited a transcriptional profile
consistent with TA accumulation. Specifically, their expression
was temporally highest at 40 DAG and spatially predominant in
the periderm (Fig. 3H and Table S6). Ten downstream genes
(KSLI, CPSI, CPS5, CYP76AH3, CYP71D411, CYP76AKI,
CYP76AK3, CYP71D375, CYP71D373, and 20DD) and the
transporter gene ABCG1 were differentially expressed under at
least one dimension. Their observed expression patterns corrob-
orated their established roles in TA biosynthesis and transport
(Fig. 3H and Table S6). This co-expression pattern implies that
these genes play critical roles in TA biosynthesis within the
complex terpenoid metabolic network.

3.4.  The dynamic landscape of open chromatin during S.
miltiorrhiza root development

Chromatin accessibility is a prerequisite for gene expression and
regulation. To uncover the open chromatin regions (OCRs) asso-
ciated with TA metabolism during root development, transposase-
accessible chromatin with sequencing (ATAC-seq) was performed
to assay OCR profiles. Three temporal points (10, 20, and 35
DAG) with the most significant variation were selected for
sequencing, generating 86,361,882, 97,141,746, and 115,662,420
mapped reads for each time point (Supporting Information
Table S7). After mapping to the genome, the average OCR peak
at each time point was 69,862, 89,996, and 110,004, corre-
sponding to 8701, 10,649, and 16,172 loci, respectively, within the
29,236 loci of the S. miltiorrhiza genome. This reflects an
increasing proportion (29.23%—55.32%) of OCR genes during the
root development (Fig. 4A). Additionally, 299, 1237, and 2506
unique OCR genes were identified in the samples from each time
series (Fig. 4B). The distribution of peaks was found to be
enriched near the transcription start site (TSSs), with decreasing
peak intensity along with the time series (Fig. 4C and D). We also
found that the transcripts of OCR genes were primarily associated
with OCR level, while the 20 DAG sample showed less consis-
tency (Fig. 4C and E). A scatter plot of the nine-quadrant asso-
ciation analysis was performed and showed the strong correlation
between transcription and OCR level (Fig. 4F and G). Notably, the

functional enrichment of genes associated with open peaks in three periods. (I) The openness Dynamic OCR (top) and transcriptome (bottom)
modification tracks for TA biosynthetic genes. (J) ERF, AP2, and MYB are the most prominently related to the TF family.
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decrease in OCR level didn’t lead to a comprehensive reduction in
transcriptional level, particularly in 35 DAG samples. This sug-
gests the involvement of additional regulatory mechanisms, such
as histone and DNA modifications, and highlights the regulatory
diversity®*3!.

According to developmental stages, the main functions of OCR
genes were different (Fig. 4H). In 10 DAG, GO enrichment for
OCR genes is mainly related to growth and primary metabolism,
e.g., hormone-mediated signaling pathway and DNA-binding
transcription factor activity. OCR genes in 20 DAG were mainly
associated with root tissue differentiation, such as cell fate spec-
ification and epidermal development. The secondary metabolic-
related processes didn’t become active until 35 DAG. The OCRs
for TA-related genes, including catalytic and transporter genes,
were analyzed (Fig. 4I). The transcription variation in several
genes, including ABCGI, KSL1, CPS1, CYP71D, 2-ODD, and
DXR, was found to be strongly correlated with the dynamic OCR
patterns in their promoter regions, suggesting that chromatin
feature changes significantly impact the expression dynamics of
TA biosynthesis. Additionally, we analyzed the putative binding
motifs enriched in promoter regions of these TA genes, identifying
ERF, AP2, and MYB as the most prominently involved TF fam-
ilies (Fig. 4J).

3.5.  The temporo-spatial transcription regulation network
revealed the key regulators of TA biosynthesis

The genome-wide identification of TFs in S. miltiorrhiza discov-
ered 1815 TFs from 66 families in total, according to the
PlantTFDB*? (Supporting Information Table S8). Temporal tran-
scription profiles of 1163 root-expressed TFs were clustered into
four groups, consistent with the overall transcription landscape
(Fig. 5A). Family enrichment analysis revealed the most active TF
families in each developmental stage. We focused on the cluster
for the late stage of the pseudotime trajectory, involving 247 TFs,
and found ERF, C3H, C2H2, and GRAS TFs were most enriched.
Based on the spatial transcription profiles of TFs, four major
modules were categorized, with 291 TFs highly expressed in the
periderm, including the predominantly enriched families as MYB,
ERF, WRKY, and C2H2 (Fig. 5B). Subsequently, the tempo-
spatial TF profiles were integrated and visualized using FC-FC
plots. The analysis highlighted distinct expression patterns:
57 TFs exhibited high expression in the periderm and at the late
developmental stage of the root; 91 TFs showed significantly low
transcript levels under the same conditions; 154 TFs were highly
expressed in only one dimension (either space or time); and
205 TFs displayed low expression in a single dimension (Fig. 5C,
Supporting Information Table S9). We further ranked these
507 TFs exhibiting significant transcriptional variation according
to their engagement (Fig. 5D). The AP2/ERF family emerged as
the most enriched TF family, with ERF6, ERFS, and ERF106
having been previously reported as regulators of TA biosyn-
thesis®>>°.

We further constructed a transcriptional correlation network
including 507 TFs and different transcript pathway genes

(coefficient threshold >0.9 or < —0.9, and P < 0.01) (Fig. 5E).
211 TFs were involved with at least one synthetic gene, including
123 TFs with positive correlation, and 88 TFs with negative cor-
relation with the TA biosynthesis pathway. According to current
literature, TFs known to regulate tanshinone biosynthesis pri-
marily belong to families such as ERF, WRKY, bHLH, bZIP,
MYB, NAC, and GRAS?>?!. Therefore, we focused on TFs from
these families within the co-expression network. Widespread
significant positive correlations were observed between TFs and
multiple tanshinone biosynthetic genes, particularly within the
ERF, WRKY, NAC, and MYB families, consistent with previous
reports. It indicates their potential roles in regulating tanshinone
biosynthesis and transport. However, it should be noted that
positive correlation does not necessarily imply direct regulation.
These TFs may function indirectly through interactions with other
TFs or hormonal signals. Within the network, the ERF family was
the most represented with 22 members, followed by WRKY (16),
MYB (13), GRAS (12), NAC (9), bHLH (7), and bZIP (6)
(Supporting Information Fig. S3). Furthermore, enrichment anal-
ysis revealed that the ERF family was the most significantly
enriched (Fig. 5D). Thus, we prioritized the ERF family for
further investigation. Among the 22 ERF members, ten were
differentially expressed in both temporal and spatial dimensions
and marked with a black border in the network, which might
correspond to their involvement in programmed transcriptional
regulation during root development or a switch-like role in tissue-
specific regulation.

Genes specifically involved in TA metabolism, including four
biosynthetic genes (KSL1, CPS1, CYP76AHI, and CYP76AH3)
and one TA transporter gene (ABCG1), were selected as target
genes. The promoters of the five genes contain GCC-box cis el-
ements to which the ERF family TFs bind (Supporting Informa-
tion Fig. S4). We successfully cloned seven of the ten TFs to
screen their regulatory role towards TA biosynthetic genes via
yeast one-hybrid (Y 1H) (Supporting Information Table S10). As a
result, binding affinities of SmRAP2-1 and SmERF039 towards
KSL1 in vitro were observed, while ERF105 can bind to GCC-box
motifs on the promoter of CYP76AH3, KSL1, and ABCGI1
(Fig. 6A, Supporting Information Figs. S5 and S6). In addition,
the ATAC-seq profiles showed that the chromatin accessibility of
SmERF105 is enhanced at the late developmental stage, which is
consistent with its high transcript level, as well as the three target
genes (Fig. 41, Supporting Information Fig. S7).

3.6. ERFI05 is a novel positive regulator for tanshinones
biosynthesis and transport

Using the strategy described above, we expanded our discovery
for transcription factors that regulate TA metabolism. We found
that ERF105 might exert dual roles on both biosynthesis and
transport of TAs according to the Y1H result (Fig. 6A); it was
selected for further functional validation. The electrophoretic
mobility shift assays (EMSA) were performed using purified
heterologously-expressed ERF105, and the fragments containing
GCC motifs in the promoters of KSLI, CYP76AH3, and ABCGI

Enrichment analysis showing the AP2/ERF—ERF family as the most dominant and significant among the differentially expressed TFs. (E)
Transcriptional regulation network according to Pearson correlation between TFs and TA biosynthesis pathway genes. TF families are distin-
guished by color. The significant correlation (correlation coefficient >0.9 or < —0.9, and P value < 0.01 as criteria) between each gene pair is
represented by red line for positive correlation, and gray lines for negative correlations. The black border indicates the TFs that are highly
expressed both during the late developmental stage of the root and in the periderm, with gene names labeled.
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Figure 6 ERFI105 is a key regulator involved in the spatiotemporal biosynthesis of TA. (A, B). Yeast one-hybrid analysis (Y1H) and
electrophoretic mobility shift assay (EMSA) showing ERF105 can bind the GCC box in the promoters of CYP76AH3, ABCGI, and KSLI.
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were labeled with biotin as probes. The result confirmed the
direct binding of ERF105 to probes derived from KSLI,
CYP76AH3, and ABCG]I in vitro (Fig. 6B). We further verified
the in vivo binding and regulation of ERF105 using a Dual-
luciferase (LUC) reporter assay in fobacco leaves (Fig. 6C).
The results showed that SmMERF105 could activate the promoters
of KSLI, CYP76AH3, and ABCGI. The quantitative assays
further showed that ERF105 can significantly activate the
expression of ABCG1, KSLI, and CYP76AH3, which is consis-
tent with the fluorescence results observed in tobacco leaves
(Fig. 6C). Taken together, this evidence of protein-DNA in-
teractions strongly suggests ERF105 as a positive regulator of
TA metabolism.

To investigate the role of SmERF105 in TA biosynthesis,
in vivo functional validations were conducted. We first demon-
strate the sub-cellular location of SmERF105 through transient
expression in fobacco leaves, revealing its nuclear and cyto-
plasmic localization as a typical TF (Supporting Information
Fig. S8). To further illustrate the regulatory role of SmERF105,
CRISPR-Cas9-mediated knockout mutant erf/05 lines were
generated. Two target regions near the 5-end, spaced 100 bp
apart, were selected for a dual knockout of the target loci
(Fig. 6D). Three mutant lines were obtained (Supporting Infor-
mation Fig. S9). Line 21 is a homozygous mutant, while lines 41
and 68 carry biallelic mutations at different sites (Fig. S9). The
transcription of proposed target genes, KSLI, CYP76AH3, and
ABCGI, was detected first by qRT-PCR. As expected, the tran-
scription level of genes significantly decreased in all erf/05 lines,
with SmABCG! exhibiting the most pronounced downregulation
by 97.2-fold, supporting the role of ERF105 as a positive regu-
lator. Correspondingly, TA contents were significantly reduced in
each erfl05 strain as well, with four examined TA metabolites
marked decreased: tanshinone by 5.6%—19.4%, tanshinone I by
12.5%—30.1%, cryptotanshinone by 18.2%—26.0%, and dihy-
drotanshinone I by 32.9%—56.6% (Fig. 6E and F). The above
results indicate that SmERF105 may serve as a novel positive
regulator in the biosynthesis of TA. Thus, the tempo-spatial
transcription map we construct can help uncover the regulatory
network during the root development of S. miltiorrhiza and verify
novel regulators of major metabolic pathways and other major
biological processes.

4. Discussion

As diterpenoid components in the S. miltiorrhiza root, tanshinones
are specifically biosynthesized and accumulated in the periderm of
the root. We found they were gradually synthesized in the seedling
stage with the root changes from white to red, and characterized
the spatiotemporal accumulation pattern in S. miltiorrhiza by
transcript profiles, metabolite features, and chromatin accessi-
bility. When the plant reaches a certain stage of development, the
switch is turned on, and the biosynthesis of secondary metabolites
is produced step by step. The specificity of development and
spatial distribution suggests sophisticated and exquisite regulatory
mechanisms in S. miltiorrhiza. 211 candidates were chosen with
potential involvement in the exquisite regulatory process. Among

them, SmERF105 was revealed to co-regulate the biosynthesis and
transport of tanshinones.

The function of ERF105 has been reported to be predominantly
associated with stress resistance and the regulation of small-
molecule biosynthesis and transport. ERF105 makes a significant
contribution to freezing tolerance and cold acclimation in Arabi-
dopsis thaliana and Cassava®®. It may act in conjunction with
the well-known CBF regulon. VviERF105 is involved in response
to abiotic stresses (freezing, drought, and salt) in Vitis vinifera L%,
ERF105 is predicted to be associated with anthocyanin biosyn-
thesis in Crataegus maximowiczii>®. The phytopathogen Pseudo-
monas syringae delivers into host cells type III secreted effectors
that promote virulence. ERF105 displayed a role in defense
against P. syringae®. Besides, VVERF105 regulates the expres-
sion of the sugar transporter gene VvSWEETIS in grapevine*'. We
have discovered that ERF105 functions in the coordinated regu-
lation of tanshinone biosynthesis and transport in S. miltiorrhiza,
expanding the known functions of ERF transcription factors. In
this study, S. miltiorrhiza seedlings with knocked-out ERF105
were transplanted and grown for two months. No significant dif-
ferences in growth and development were observed compared to
wild-type plants (Supporting Information Fig. S10); therefore, we
focused solely on quantifying the tanshinone content in the roots
and did not systematically investigate the impact of ERF105 on
plant growth and development. Although the role of ERF105 in
plant growth and development was not examined, we cannot
exclude its potential regulatory functions in the growth, develop-
ment, and environmental adaptation of S. miltiorrhiza. This aspect
warrants further investigation.

To date, several families of transcriptional regulators have been
identified that regulate the transcriptional levels of tanshinone
pathway genes and thereby affect biosynthesis™*'*>**** Some of
them function in specific biological contexts, for example, in
response to the induction of signaling molecules such as jasmonic
acids®. Several transcription factors may act at different hierar-
chical levels, sensing the external ecological environment and their
developmental processes to carry out precise regulation. Regula-
tory architecture operates as a non-linear, interconnected network
rather than a linear hierarchy of control nodes. Critical knowledge
gaps persist regarding the topological relationships among these
regulators, particularly in distinguishing direct protein—protein
interactions (e.g., transcription factor complex formation) from
indirect epistatic regulatory cascades mediated by intermediate
signaling molecules. Furthermore, the potential pleiotropic effects
of these factors—whether they coordinate tanshinone biogenesis
with other physiological processes through trans-regulatory
crosstalk  (e.g., jasmonate signaling or redox homeo-
stasis)—represent an unexplored dimension of metabolic regula-
tion. Decrypting this multilayered interactome will illuminate
evolutionarily conserved metabolic strategies in plants and reveal
how sessile organisms dynamically optimize secondary metabolite
synthesis in response to ecological pressures, potentially informing
the design of stress-resilient metabolic engineering platforms.

The genes encoding members of the biosynthetic pathways of
over 30 plant secondary metabolites are known to be present in
BGCs*®*7. In addition to metabolic pathway genes, it has been

(C) Dual-luc assays showing the activation capacity of ERF105 on the promoters of the target gene. *P < 0.05. (D) Schematic diagram of
constructing erf105 mutants using the CRISPR/Cas9 editing system. A 100 bp fragment was subjected to being knocked out. (E) The transcription
levels of CYP76AH3, ABCGI, and KSLI in erf105 mutant lines were significantly reduced. (F) The contents of the four tanshinones in the erf105
mutant lines were significantly decreased. Values are means 4+ SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t-test).
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discovered that transporters for secondary metabolites are clus-
tered with their biosynthetic genes, as exemplified by the
cucurbitacin transporters in Cucurbitaceae and tanshinone
transporters in Salvia species'®*®. Two hypotheses have been
proposed for how these gene clusters formed. One hypothesis
suggests that co-inheritance of these genes via colocalization
prevents the loss of key genes in these pathways. The other
hypothesis proposes that genes within the same BGC share the
same promoters or cis-regulatory elements, thereby ensuring the
coordinated production of biosynthetic enzymes and optimizing
the yield of the final product*'. Here, we discovered that
SmERF105 can co-regulate pathway genes KSLI and
CYP76AH3, and the transporter coding gene ABCGI. It repre-
sents an efficient strategy to manage specialized metabolites in
plants. Plants produce a vast array of specialized metabolites that
help them solve ecological challenges®>. How plants balance
stress resistance and autotoxicity has long been a fundamental
question in plant science. On one hand, plants mitigate auto-
toxicity through structural modifications of secondary metabo-
lites. For instance, certain diterpenes in tobacco exhibit
cytotoxicity but are detoxified via hydroxylation, thereby
reducing their toxicity to the plant itself while enhancing their
insecticidal effect against herbivores®. On the other hand, plants
compartmentalize secondary metabolites into specific subcellu-
lar locations to alleviate cytotoxicity, as observed in the vacuolar
sequestration of alkaloids®. Here, we identify a dual-function
transcription factor that coordinately regulates both the biosyn-
thesis and transport of tanshinones, suggesting a potential effi-
cient mechanism for mitigating autotoxicity in S. miltiorrhiza.

The functional enrichment of genes expressed at different
growth stages suggests that plants initiate the process of sec-
ondary metabolite biosynthesis around 25 days after germina-
tion. This timing appears to be a critical juncture for metabolic
diversification. Differential gene annotation of chromatin
accessibility further revealed that the biosynthesis process of
secondary metabolites in plants remains highly active in the later
stages of development, particularly around 25 days. Notably, this
stage coincides with the formation of secondary structures in
plant roots, such as the development of vascular tissues and
lignification processes. We speculate that there is a close rela-
tionship between plant secondary metabolites and the develop-
ment of secondary structures. Secondary metabolites, such as
flavonoids and lignins, may play essential roles in the structural
integrity and defense mechanisms of these tissues™* ®. Under-
standing how plants coordinate the construction of plant tissues
with the biosynthesis of metabolic products is an intriguing
question worth exploring. This coordination likely involves
complex regulatory networks that integrate hormonal signaling,
transcriptional regulation, and epigenetic modifications to ensure
optimal resource allocation and developmental outcomes. Future
research should focus on elucidating these regulatory mecha-
nisms to gain deeper insights into plant development and
metabolism.

In addition to chromatin accessibility, there are other multi-
faceted regulatory mechanisms, such as three-dimensional genome
information and a series of modifications like histone modifica-
tions” . Literature reports that DNA methylation modifications
can affect the biosynthesis of active secondary metabolites in S.
miltiorrhiza®®. Different dimensional regulatory mechanisms work
together to precisely regulate the biosynthesis and transport of
plant secondary metabolites, and more abundant multi-dimensional
regulatory mechanisms still need further research.

5. Conclusions

In this study, we revealed the spatiotemporal metabolism of tan-
shinones in S. miltiorrhiza roots. Both transcriptome and ATAC
profiles indicated the transition from primary metabolite to sec-
ondary metabolite in the seedling roots, with red tanshinones
emerging across this process. Integrating information in the tem-
poral and spatial dimensions, 211 TF candidates were predicted to
mediate the “swatch” that regulates the accumulation of tanshinones
in the periderm of roots. A novel TF was shown to co-regulate
biosynthesis and transport of tanshinones in S. miltiorrhiza.
Collectively, this study highlighted spatiotemporal metabolism and
the potential regulatory mechanisms of diterpenes in plants.
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