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Abstract

Epigenetic regulation—including DNA methylation, histone modifications, and small RNAs—plays a crucial role

in modulating specialized metabolism in plants; specialized metabolites confer crucial pharmacological properties

to plants, forming the basis of traditional Chinese medicine (TCM). Recent studies have highlighted the influence

of these mechanisms on metabolite production in key medicinal plants such as Papaver somniferum and Salvia miltior-
rhiza. Emerging technologies such as CRISPR/dCas9-based epigenome editing and miRNA modulation enable precise
control of biosynthetic pathways. Integrating these molecular-level strategies into TCM research and the cultivation

of medicinal plants could improve the efficacy and consistency of herbal medicinal products, providing molecular
tools for the targeted regulation of active ingredients and thereby facilitating the modernization of TCM.
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Background

Plants synthesize an immense variety of metabolites that
are essential for their development, ecological adaptation,
and defense. Among these, some specialized (also called
secondary) metabolites are of particular importance to
traditional Chinese medicine (TCM) as they constitute
the pharmacological backbone of herbal formulations.
While it is well established that the expression of these
compounds is regulated at transcriptional and post-tran-
scriptional levels, recent studies have shown that epige-
netic regulation can further modulate these metabolic
pathways by altering the gene expression environment,
highlighting a critical yet underexplored role in shap-
ing their biosynthesis [1, 2]. This commentary highlights
recent advances in plant epigenetics and explores how
mechanisms such as DNA methylation, histone modifi-
cation, and small RNAs modulate phytochemical output,
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offering new avenues to enhance the efficacy, standardi-
zation, and modernization of TCM (Fig. 1).

Mechanistic insights into the epigenetic control

of specialized metabolism

Epigenetic processes—heritable yet reversible modifi-
cations that alter gene expression without changing the
DNA sequence—are key regulators of plant metabolism.
DNA methylation, histone modifications (e.g., meth-
ylation and acetylation), and small RNAs such as small
interfering RNA (siRNA) and micro RNAs (miRNAs)
orchestrate the transcriptional accessibility of biosyn-
thetic genes [3]. Of these mechanisms, DNA methylation
has been extensively studied for its impact on metabolite
accumulation. One of the best-known examples is that
of the colorless nonripening (Cnr) epiallele in tomato,
wherein the hypermethylation of the promotor region
of a gene encoding a ripening-related transcription fac-
tor results in reduced carotenoid accumulation in the
fruit [4]. Similarly, a naturally occurring epiallele, Vita-
min E 3 (VTE3), downregulates tocopherol biosynthesis
via siRNA-mediated DNA methylation, in which siRNAs
guide the methylation machinery to the VTE3 promoter,
resulting in transcriptional silencing [5]. In Papaver
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Epigenetics in enhancing medicinal plant traits

Fig. 1 Epigenetic regulation of specialized metabolites in medicinal plants and its relevance to traditional Chinese medicine

somniferum, variation in DNA methylation status affects
alkaloid content, underscoring the regulatory role of the
epigenome in the production of specialized metabo-
lites that possess medicinal properties [6]. Another case
in point is Salvia miltiorrhiza, an herb widely used in
TCM, in which DNA methylation affects the expression
of several crucial enzymes for the biosynthesis of tanshi-
nones and phenolic acids, including copalyl diphosphate
synthase 5 (SmCPS5), cytochrome P450-related enzyme
(SmCYP71D464), geranylgeranyl diphosphate synthase
(SmGGPPS1), geranyl diphosphate synthase (SmGPPS),
hydroxyphenylpyruvate reductase (SmHPPR), and
hydroxyphenylpyruvate dioxygenase (SmHPPD); altered
DNA methylation levels of these genes have been shown
to correlate with significant changes in the accumulation
of tanshinones and phenolic acids, such as rosmarinic
acid and salvianolic acid B [7]. Like DNA methylation,
histone modifications also contribute to metabolic regu-
lation, although not all are directly involved in specialized
metabolism. For example, in rice, the histone demethy-
lase JMJ705, by removing the repressive H3K27me3
mark, enables the methyl jasmonate (MeJA)-responsive
epigenetic activation of the diterpenoid gene cluster on
chromosome 7—a cluster that drives the biosynthesis of
casbene-type phytoalexins [8]. In poplar, J]MJ25 regulates
MYB transcription factor expression by demethylating
lysine 9 of histone 3 (H3), thus suppressing anthocyanin
biosynthesis [9]. In ginseng, histone deacetylase inhibi-
tors enhance MeJA-induced ginsenoside biosynthesis
by promoting H3K18 acetylation, thereby upregulating
key biosynthetic genes while also indicating that histone
deacetylases function as repressors of this biosynthetic
pathway [10]. Aside from DNA methylation and histone

modifications, miRNAs have emerged as critical post-
transcriptional regulators in specialized metabolism,
influencing the synthesis of specialized metabolites such
as flavonoids, terpenoids, and alkaloids. For example, in
sunflower, miR-2911 targets y-tocopherol methyltrans-
ferase, thus regulating tocopherol synthesis. On the other
hand, in clary, miR-828a and miR-948a enhance flavonoid
biosynthesis by controlling MYBI2 and lipoxygenase
expression [11]. Beyond their individual roles, epigenetic
mechanisms often act synergistically. For instance, in
Brassica napus, hypermethylation in the promoter region
of BnaCnng64040D (lipase family protein), via miR-
159-directed DNA methylation, resulted in a marked
reduction of gene expression in flower buds [12]. Such
multilayered regulation is likely to operate in medicinal
plants as well and may fine-tune specialized metabolism.
Together, these examples illustrate how multiple epige-
netic layers converge to modulate specialized metabolism
in plants. The dynamic interplay among DNA methyla-
tion, histone modifications, and small RNAs contributes
to the fine-tuning of phytochemical output, enabling
plants to respond to environmental cues and develop-
mental signals with biochemical precision.

Implications for Traditional Chinese medicine

Despite these breakthroughs, the integration of epi-
genetic insights into TCM research and herbal medi-
cine production remains limited. As the global demand
for TCM products—and with it the need for consist-
ent quality and efficacy—grows epigenetic tools present
an unprecedented opportunity. Emerging tools such
as CRISPR/dCas9-based epigenome editing, histone
modification modulators, DNA methylation regulators,



Hyun Chinese Medicine (2025) 20:165

and miRNA mimics or inhibitors can be employed to
precisely control biosynthetic gene expression (Fig. 1).
Although the use of CRISPR/dCas9-based systems to
modify epigenetic marks in plants has been explored
in only a few studies, evidence shows that targeting
H3K27me3 at the Arabidopsis CUP SHAPED COTYLE-
DON 3 boundary gene can induce ectopic transcription
and influence plant development [13]. These observa-
tions indicate that CRISPR/dCas9-mediated epigenome
editing may allow precise spatial and temporal regulation
of gene expression [14], providing the potential to selec-
tively activate or repress specific metabolic pathways. In
the future, such strategies could be utilized to enhance
the production of valuable secondary metabolites,
including artemisinin, baicalin, or morphine alkaloids,
without altering the underlying DNA sequence. Moreo-
ver, understanding the impact of environmental factors
on epigenetic mechanisms and, therefore, on metabo-
lite profiles can help optimize cultivation and harvesting
strategies for medicinal plants. Integrating principles of
epigenetics into agriculture of medicinal plants used in
TCM could help optimize phytochemical yields under
field conditions, improving both therapeutic efficacy
and resource sustainability. Such strategies align closely
with national and international efforts to modernize Chi-
nese medicine through evidence-based approaches and
molecular precision.

Conclusion

Epigenetic regulation presents a powerful, yet underu-
tilized, dimension of plant specialized metabolism that
holds direct relevance for TCM. Unlike previous reviews
that address either plant epigenetics or TCM separately,
this article systematically integrates these fields, high-
lighting how DNA methylation, histone modifications,
and small RNAs collectively influence medicinal plant
metabolites. Incorporating strategies of epigenetics into
TCM herb development, quality control, and pharmaco-
logical assessment will not only enhance consistency and
therapeutic reliability but may also reveal new bioactive
potentials hidden within traditional remedies. Harness-
ing the plant epigenome with precision and purpose may
become pivotal to the evolution of Chinese medicine
from an empirical tradition to an evidence-based medical
discipline.

Abbreviations

Cnr Colorless nonripening

CPS5 Copalyl diphosphate synthase 5
GGPPS  Geranylgeranyl diphosphate synthase
GPPS Geranyl diphosphate synthase

H3 Histone 3

HPPD Hydroxyphenylpyruvate dioxygenase
HPPR Hydroxyphenylpyruvate reductase
MeJA Methyl jasmonate

miRNA  Micro RNA

Page 3 of 4

SIRNA Small interfering RNA
TCM Traditional Chinese medicine
VTE3 Vitamin E 3

Acknowledgements
Not applicable.

Author contributions
Tae Kyung Hyun: conceptualization, literature search, writing, original draft,
make the fgure, review and editing.

Funding

This work was carried out with the support of "Cooperative Research Program
for Agriculture Science and Technology Development (Project No. RS-
2022-RD010345)" Rural Development Administration, Republic of Korea.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Declaration of Al and Al-assisted technologies in manuscript preparation
processes

During the preparation of this manuscript, the author utilized ChatGPT for
language refinement.

Competing interests
The authors declare no competing interests.

Received: 14 July 2025 Accepted: 6 September 2025
Published online: 06 October 2025

References

1. ZhaoY, Liu G, Yang F, Liang Y, Gao Q, Xiang C, et al. Multilayered regula-
tion of secondary metabolism in medicinal plants. Mol Hortic. 2023;3:11.
https://doi.org/10.1186/543897-023-00059-.

2. LiQ Duncans,LiY,Huang S, Luo M. Decoding plant specialized metabo-
lism: new mechanistic insights. Trends Plant Sci. 2024,29:535-45. https://
doi.org/10.1016/j.tplants.2023.11.015.

3. Lu X, HyunTK. The role of epigenetic modifications in plant responses to
stress. Bot Serb. 2021;45:3-12. https://doi.org/10.2298/BOTSERB2101003L.

4. Manning K, Tér M, Poole M, Hong Y, Thompson AJ, King GJ, et al. A natu-
rally occurring epigenetic mutation in a gene encoding an SBP-box tran-
scription factor inhibits tomato fruit ripening. Nat Genet. 2006;38:948-52.
https://doi.org/10.1038/ng1841.

5. Quadrana L, Almeida J, Asis R, Duffy T, Dominguez PG, Bermudez L, et al.
Natural occurring epialleles determine vitamin E accumulation in tomato
fruits. Nat Commun. 2014;5:3027. https://doi.org/10.1038/ncomms5027.

6. Bulut B, Aydinli Z, Turktas-Erken M. MSAP analysis reveals diverse epige-
netic statuses in opium poppy varieties with different benzyisoquinoline
alkaloid content. Turk J Biol. 2020;44:103-9. https://doi.org/10.3906/
biy-1911-69.

7. HeX, ChenY, XiaY,Hong X, You H, Zhang R, et al. DNA methylation
regulates biosynthesis of tanshinones and phenolic acids during growth
of Salvia miltiorrhiza. Plant Physiol. 2024;194:2086-100. https://doi.org/10.
1093/plphys/kiad573.

8. Zhan(C, Leil, LiuZ ZhouS,Yang C, Zhu X, et al. Selection of a subspecies-
specific diterpene gene cluster implicated in rice disease resistance. Nat
Plants. 2020;6:1447-54. https://doi.org/10.1038/s41477-020-00816-7.


https://doi.org/10.1186/s43897-023-00059-y
https://doi.org/10.1016/j.tplants.2023.11.015
https://doi.org/10.1016/j.tplants.2023.11.015
https://doi.org/10.2298/BOTSERB2101003L
https://doi.org/10.1038/ng1841
https://doi.org/10.1038/ncomms5027
https://doi.org/10.3906/biy-1911-69
https://doi.org/10.3906/biy-1911-69
https://doi.org/10.1093/plphys/kiad573
https://doi.org/10.1093/plphys/kiad573
https://doi.org/10.1038/s41477-020-00816-7

Hyun Chinese Medicine (2025) 20:165

Fan D, Wang X, Tang X, Ye X, Ren S, Wang D, et al. Histone H3K9 demethy-
lase JMJ25 epigenetically modulates anthocyanin biosynthesis in poplar.
Plant J. 2018;96:1121-36. https://doi.org/10.1111/tpj.14092.

Lu X, Hyun TK. Histone deacetylase inhibitors improve MeJA-induced
ginsenoside production in ginseng adventitious roots. Ind Crops Prod.
2021;171:1139009. https://doi.org/10.1016/j.indcrop.2021.113909.

. Hossain R, Quispe C, Saikat ASM, Jain D, Habib A, Janmeda P, et al. Biosyn-

thesis of secondary metabolites based on the regulation of microRNAs.
BioMed Res Int. 2022,2022:9349897. https://doi.org/10.1155/2022/93498
97.

Jial,Caol, Zeng L, Lu K, Qu C, LiJ, et al. Microrna-mediated changes

in DNA methylation affect the expression of genes involved in the
thickness-of-pod-canopy trait in Brassica napus L. Agron. 2025;15:398.
https://doi.org/10.3390/agronomy15020398.

Fal K, El Khoury S, Le Masson M, Berr A, Carles CC. CRISPR/dCas9-targeted
H3K27me3 demethylation at the CUC3 boundary gene triggers ectopic
transcription and impacts plant development. iScience. 2025;28:112475.
https://doi.org/10.1016/j.sci.2025.112475.

Sen MK, Sellamuthu G, Mondal SK, Varshney RK, Roy A. Epigenome
editing for herbicide resistance crops. Trends Plant Sci. 2025;51360-
1385(25):00131-41. https://doi.org/10.1016/j.tplants.2025.05.003.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 4 of 4


https://doi.org/10.1111/tpj.14092
https://doi.org/10.1016/j.indcrop.2021.113909
https://doi.org/10.1155/2022/9349897
https://doi.org/10.1155/2022/9349897
https://doi.org/10.3390/agronomy15020398
https://doi.org/10.1016/j.isci.2025.112475
https://doi.org/10.1016/j.tplants.2025.05.003

	Epigenetic control of the plant metabolome: implications for Chinese medicine
	Abstract 
	Background
	Mechanistic insights into the epigenetic control of specialized metabolism
	Implications for Traditional Chinese medicine
	Conclusion
	Acknowledgements
	References


