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Abstract: As a traditional bulk Chinese medicinal herb, Salvia miltiorrhiza's phenolic acids are the core

bioactive components responsible for its pharmacological effects. Environmental stress can regulate relevant
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metabolic pathways to promote the accumulation of phenolic acids. To identify key transcription factor genes in
S. miltiorrhiza under H,O, stress, we first used aseptic seedlings cultured under different H,O, concentrations as
experimental materials, performed RNA-seq analysis following standard protocols with three biological replicates,
and conducted untargeted metabolomics analysis via UHPLC-QE-MS with six biological replicates. All assays were
commissioned to Gene Denovo Biotechnology Co., Ltd. The results showed a concentration-dependent stress effect:
Low concentrations of H,O, slightly inhibited seedling growth but activated genes associated with photosynthesis
and phenolic acid biosynthesis. In contrast, high concentrations of H,O, strongly suppressed growth and redirected
metabolic resources from growth to defense processes. This response was accompanied by the upregulation of
key enzyme genes in the phenylpropanoid and tyrosine pathways, including PAL, RAS and CYP98A42, thereby
promoting the accumulation of ferulic acid (FA), rosmarinic acid (RA) and salvianolic acid B (Sal B). Meanwhile,
oxidative stress repressed the expression of genes related to phytohormone synthesis and photosynthesis, reducing
resource allocation for growth, and maintained intracellular redox homeostasis by activating genes such as GRXC/.
Transcriptional regulatory analysis revealed that WRKY28 expression was significantly and positively correlated
with salvianolic acid content, while MYB305 was inhibited as a negative regulator. These findings elucidate the
regulatory network underlying phenolic acid accumulation in S. miltiorrhiza under H,O, stress from the perspectives
of metabolic resource allocation and transcriptional regulation, providing a preliminary theoretical basis for improving
the quality of S. miltiorrhiza medicinal materials through molecular breeding or environmental regulation. It should
be noted that exogenous H,O, treatment is a controllable experimental method, and its conclusions may differ from
those under natural stress in terms of signal initiation and network integration. Further verification through multi-
dimensional approaches is required for refinement.
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Phenotypic response and phenolic acid accumulation in Salvia miltiorrhiza seedlings under H,O, stress. A, B: Growth pheno-

types of Salvia miltiorrhiza seedlings cultured for one month in media supplemented with 0, 1, 2, and 5 mmol-L" H,0, (n = 3, 10 seedlings

per replicate); C: Changes in fresh weight of seedlings under different concentrations of H,0O, treatment (n = 3, x £ 5); D: Relative contents

of phenolic acid components in seedlings exposed to different concentrations of H,O, (n = 3, x £ 5). DDS: Danshensu; CA: Caffeic acid; FA:

Ferulic acid; RA: Rosmarinic acid; Sal A: Salvianolic acid A; Sal B: Salvianolic acid B; Tan IIA: Tanshinone IIA
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Figure 2 Metabolomic analysis of Salvia miltiorrhiza seedlings under H,O, treatment. A, D: Statistics of differential metabolite quantities;

B, E: PCA scores of metabolites in the control group and treatment group; C, F: Functional analysis of differential metabolites GO. FDR:

False discovery rate; FC: Fold change; PC: Principal component; Z-score: Standard score
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Figure 3 GO and KEGG enrichment analysis of DEGs. A: GO enrichment analysis (scatter plot and top 20 terms) for DEGs in CK-
1 mmol-L" group; B: GO enrichment analysis (scatter plot and top 20 terms) for DEGs in CK-5 mmol-L" group; C, D: KEGG pathway

enrichment analysis for DEGs in CK-1 mmol-L" and CK-5 mmol-L" groups, respectively
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Figure 4 STEM clustering analysis of gene expression and expression heatmaps of core genes in Salvia miltiorrhiza. A, B, C, and D
represent the STEM clustering results of gene expression under different concentration treatments. Each subplot is labeled with the ideal
expression vector of the clustering pattern, the number of actually assigned genes (genes assigned), the number of randomly expected genes

(genes expected), and the significant P-value. E, F, G, and H are the expression heatmaps of key genes in the corresponding patterns
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Correlation analysis between H,0, induced WRKY and key enzyme genes for phenolic acid synthesis, 6 active ingredients, and 4 differential metabolites. "P < 0.05, P < 0.01. PAL: Phenyl-

Table 1

alanine ammonia-lyase; C4H: Cinnamate-4-hydroxylase; 4CL: 4-Coumarate-coenzyme A ligase; TAT: Tyrosine aminotransferase; HPPR: Hydroxyphenylpyruvate reductase; RAS: Rosmarinic acid

synthase; 4-HPPA: 4-Hydroxyphenylpyruvic acid; PA: Pidolic acid; GSSG: Glutathione disulfide
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0.0857
0.358

Sal A
-0.223
-0.292
-0.064
-0.129
-0.163
-0.163
-0.121

Sal B
0.663

FA

0.714"

CA
0.411

DSS
-0.438
-0.269
-0.430
-0.347

RAS

0.651

HPPR

0.353

TAT
0.767

4CL

C4H
-0.301
-0.547
-0.587
-0.726

AL
0.619

coefficient

0.817"

0.706"
0.693"

0.400

0.65

0.634
0.367

WRKY6

0.717

0.899™
0.645

0.783"

0.300
0.367

0.566 7 0.617
0.566 7

0.566 7

0.468 7

0.500

0.550
-0.617

0.174
0.405

0.067 0.386

0.513

0.355

WRKY18

0.817"

0.917"

0.781"

0.910”

0.021 6
0.169
0.327
0.106
0.063
-0.103

0.347
0.149

0.335 0.498 0.033
-0.170
0.656

0.303
0.103

0.655

WRKY21

0.717°

0.729"
0.501

0.720

0.437

0.953"

0.300
-0.477

0.617

0.202

0.303

0.132

WRKY23

0.676"

0.519

0.285

0.183
0.755"

0.088 3

0.408

0.106
-0.371
-0.415

0.362 0.654 0.644
0.803"

-0.237
-0.428

WRKY27

0.833"

0.696"
0.705"
-0.670

0.794"
0.809"
-0.745"

0.693"

0.681"

0.283

0.800
0.650
-0.717"

0.439

0.660
0.492
-0.668"

WRKY28
WRKY33

0.850°
-0.717"

0.829"
-0.729"

0.333
-0.517

0.428
-0.394

0.531
-0.691"

0.226
-0.460
-0.180

0.661

0.519
-0.681"

-0.811"

0.098

0.265
-0.327
-0.407
-0.211
-0.303
-0.045
-0.383

0.256
-0.761"
-0.245

WRKY35

0.717°

0.675"

0.907"
0.718"

0.567
0.433
-0.250

0.533

0.002 0.023 0.533
-0.127

-0.100

-0.011
-0.145
-0.127

0.605

0.294
0.478

0.132
0.702°

0.298

0.119
0.692"

0.092

WRKY41

0.783"

0.669"
0.417

0.802"
0.583

0.809"
0.988"

0.670"

0.600
0.783"

0.600
0.783"

0.036

0.433

WRKY42

0.966" 0.885™ 0.966™

0.528

0.962"
0.506

0.600

0.007
0.015
-0.007
-0.015

0.268

0.454

0.334
-0.384

WRKY50

0.817"

0.679"
0.088

0.796"
0.186
0.720"

0.733"
-0.234

0.350
-0.333
-0.033

0.650

0.650

0.534 0.501

0.245

0.661

WRKYS53

0.667" 0.767"

0.817"

0.771° 0.908"™ 0.845" 0.959™ 0.908™

0.923"

0.309
0.534

WRKY61

0.867" 0.933"

0.683"

0.690° 0.882"

0.949™

0.878"

0.862"

0.532

0.508

0.058

WRKY75




¥ JREE RS FRA S AU MNT HO, W T P S W IR AR R 2 M 2% © 2753 -

WRKY28 WRKY42
2.0 3.0+
o 1.5+ ©
B 5 204
E g
z 1.0 @
S 3
& & 104
m 05+ 53]
0.0 0.0
0 1 2 5 0 1 2 5
Concentration / mmol-L! Concentration / mmol-L"!
CYP98A42 PYL6
10.0 =
1.0
< 8.0+ — 08
> o
D ey 3
= 0604 = 06+
= 8
17] 17]
S 404 S 04
o
1% o
m ®
2.0 = 0.2 -
0.0 0.0 -
0 1 2 5 0o 1 2 5
Concentration / mmol L™ Concentration / mmol L'
ACN SPA
40 4 1.5 -
S 304 2
B B 104
=
g 404 2
.a v
2 @
o 2
= g 05+
& 101 &
0 0.0 -
0 1 2 S 0o 1 2 5

Concentration / mmol-L! Concentration / mmol L™

MYB305 - CYP8243
1.0 9 ’
— 0.8 o 604
o
B B
= 0.6+ £
g 2 404
% 17
O 044 g
z 5 20
5 4
= 024
0.0~ 0.0
o1 2 5 o 1 2 5
Concentration / mmol-L"! Concentration / mmol-L-!
CHS GGAT2
200 - 1.0 =
0.8 4
= 150 4 ]
> >
2 2
= = 0.6 4
g 100 - a
2 S 044
o o
» <
50 o 53
024
0 0.0
01 2 5 0o 1 2 5

Concentration / mmol-L" Concentration / mmol-L!

ACCI AA
20+

15
B T 1.5+
[5) >
>
5 10 l;
8 £ 1.0
7 2
@ (5]
2 05 &
E & 05+
m

0.0 0.0

01 2 5 o1 2 5

Concentration / mmol-L"! Concentration / mmol-L"!

Figure 5 qRT PCR validation results of candidate genes. The bar chart displays the relative expression levels of 10 candidate genes in the 0,
1, and 5 mmol-L" H,0, treatment groups (n = 3, x £ s). PYL6: PYR1-like protein 6; CHS: Chalcone synthase; GGAT2: Glutamate-glyoxylate
aminotransferase 2; ACN: Anthocyanin; SPA: Suppressor of phytochrome A-105; ACC1: Acetyl-CoA carboxylase 1; AA: Ascorbic acid
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Figure 6 Transcriptional metabolic combined analysis
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