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Nutrients are essential regulators of growth and development
across all life forms, serving not only as energetic resources
and structural building blocks but also as dynamic signals that
govern cell proliferation, metabolism, growth and develop-
ment. Nutrients and metabolic processes orchestrate plant
developmental programs and plasticity via the coordination
with dynamic changes in the epigenomic landscape, which is
fundamental for governing gene expression programs and
developmental transitions in multicellular organisms. In this
review, we explore the interplay between nutrition, meta-
bolism, and epigenetic reprogramming in plants, with a
particular focus on the novel mechanisms, including nuclear
localized metabolic enzymes, moonlighting functions of
metabolic enzymes, epigenetic regulators as metabolic sen-
sors, and nutrient sensing and signaling pathways. Elucidating
these mechanisms holds significant implications for under-
standing plant growth and development and improving crop
yield and quality.
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Introduction
Plants dynamically modulate their growth and devel-

opment in response to fluctuating environmental con-

ditions and nutrient availability to ensure survival and

reproductive success. Nutrients serve dual roles as both

energy sources and structural components while simul-

taneously functioning as key environmental regulators of

developmental processes across kingdoms [1—6]. In

plants, growth and developmental trajectories, which are

critical determinants of agricultural productivity, are

intricately tied to nutrient availability and usage effi-

ciency. Plants have evolved multiple mechanisms to

sense and respond to nutrient signals [1—4].

Epigenetic modifications throughout the genome

enable plants to adjust gene expression dynamically in

response to internal and external stimuli, such as

nutrient availability and environmental changes,

without modifying the DNA sequence itself [7,8]. This

regulatory mechanism is crucial for plant growth,

development, and adaptability. Nutrients and their

metabolic pathways have been identified as key regu-

lators of the epigenome across diverse organisms from

yeasts, plants, animals to humans [5,8—11]. The

epigenome can function as a platform that responds

directly to nutrient-derived metabolites or indirectly

through nutrient-mediated signaling pathways. These

interactions allow plants to adjust their epigenetic states

in real-time according to nutrient availability, to opti-

mize resource use and developmental outcomes under

fluctuating conditions. This review highlights emerging

molecular mechanisms underlying the connection be-

tween nutrient and epigenome regulation.

Modulating chromatin-modifying enzymes
by metabolites
Research on the molecular link between nutrients and

epigenetic regulation has primarily focused on the roles

of nutrient-derived metabolites as substrates or co-

factors of chromatin-modifying enzymes [10,11]

(Figure 1). S-adenosyl-L-methionine (SAM) originated

from the one-carbon metabolism pathway provides

methyl donor for both DNA and histone methyl-

transferases [12]. Numerous mutations disrupting

SAM biosynthesis differentially modulate histone

lysine methylation levels, highlighting the sensitivity of

these epigenetic marks to metabolic perturbations

[13—20]. Alpha-ketoglutarate (α-KG) is a rate-limiting

substrate for Jumonji C (JMJ) domain histone deme-

thylases [21,22]. Disruption of α-KG production

through loss of isocitrate dehydrogenase (IDH) ele-

vates global histone H3 lysine 4 trimethylation

(H3K4me3) levels and exacerbates defects caused by
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demethylase JMJ14 mutation in the plant thermo-

sensory response [23] (Figure 1).

Acetyl coenzyme A (acetyl-CoA) serves as a substrate for

histone acetyltransferases (HATs) to regulate global

histone acetylation and is generated through multiple

metabolic pathways, including glycolysis, tricarboxylic

acid (TCA) cycle, fatty acid β-oxidation, and the direct

conversion of acetate in plant cells [24—26]. Disruption

of cytosolic acetyl-CoA carboxylase 1 (ACC1) in Arabi-

dopsis elevates acetyl-CoA levels, driving hyper-

acetylation of histone H3K27 [25]. In Arabidopsis,

Figure 1

Overview of key metabolites shaping chromatin modifications. Photosynthetic carbohydrates and nutrients supply can change the pools of
cytosolic/nuclear SAM (S-adenosyl-L-methionine), α-KG (alpha-ketoglutarate), and acetyl-CoA (acetyl coenzyme A) in plant cells. These metabolites
serve as co-factors or substrates of DNA/histone methyltransferase (DNMT/HMT), Jumonji C domain–containing histone demethylases (JMJ) and
histone acetyltransferase (HAT) for DNA/histone methylation, histone demethylation and histone acetylation, respectively. Acyl-CoAs, produced from
fatty acids, amino acids or glucose, can also be utilized for histone acylations. MS, methionine synthase; MAT, methionine adenosyltransferase; MT,
methyltransferases; SAHH, S-adenosylhomocysteine hydrolase; Hcy, homocysteine; MET, methionine; SAH, S-adenosyl-L-homocysteine; ACO,
aconitase; IDH, isocitrate dehydrogenase; ACLY, ATP citrate lyase; ACS2, acetyl-CoA synthase 2; PDC, pyruvate dehydrogenase complex; ACX4,
acyl-CoA oxidase 4; ACC1, acetyl-CoA carboxylase 1; CoA, coenzyme A; succ-CoA, succinyl-CoA; Me, methyl group; Ac, acetyl group; la, lactylation;
cr, crotonylation; hib, β-hydroxyisobutyrylation; bu, butyrylation; succ, succinylation. Key metabolites emphasized in red font. Larger font sizes are used
to represent cellular compartments, organelles and key metabolic pathways.
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drought triggers a metabolic shift to acetate synthesis,

increasing acetyl-CoA to enhance histone H4 acetyla-

tion and jasmonic acid (JA) signaling, which bolster

drought resilience [27]. Significantly, exogenous acetate

application mimics this drought-responsive mechanism

to improve stress tolerance in diverse species, including

Arabidopsis, rapeseed, maize, rice, and wheat [27]

(Figure 1). In addition, short-chain Lysine (K) acyla-

tions on histone residues including, succinylation

(succ), crotonylation (cr), butyrylation (bu), β-hydrox-

yisobutyrylation (hib), and lactylation (la) are emerging

as critical regulators in both plants and animals [28—35]

(Figure 1). These modifications are dynamically regu-

lated by different acyl-CoA substrates derived from the

intracellular metabolism of fatty acids, amino acids and

glucose in response to environmental changes such as

starvation and submergence, suggesting a potential

connection between metabolic flux and epigenetic

control [34—36].

Although chromatin can directly perceive and react to

nutrient-derived metabolites [10,11,37], our current

understanding of metabolite-driven epigenetic regula-

tion primarily stems from research on loss-of-function

mutants [13—26]. These examples may not always

accurately mirror the true regulatory roles of metabo-

lites in physiological settings. The precise mechanisms

through which metabolite levels or states selectively

modulate the enzymatic activity of specific chromatin-

modifying enzyme remain poorly understood. In fact,

the catalytic efficiency of chromatin-modifying en-

zymes is directly modulated by the nuclear concen-

tration and availability of metabolites. While

metabolites may enter the nucleus through diffusion or

active transport, some highly compartmentalized me-

tabolites such as mitochondrial acetyl-CoA cannot.

These instead require local synthesis within the nu-

cleus to ensure a sufficient supply for regulating

epigenetic modifications. In plant cell, acetyl-CoA can

be generated directly within the nucleus by nuclear

targeted metabolic enzymes like ATP-citrate lyase

(ACLY), acetyl-CoA synthetase 2 (ACS2) and pyruvate

dehydrogenase complex (PDC) [38—40] (Figure 1). In

plants, most α-KG dehydrogenase (KGDH) enzyme

subunits including oxoglutarate dehydrogenase

(OGDH, E1 subunit), dihydrolipoamide succinyl-

transferase (DLST, E2 subunit) and dihydrolipoamide

dehydrogenase (DLD, E3 subunit) are targeted to the

mitochondria for α-KG decarboxylation in the TCA

cycle. Light prompts a small portion of KGDH to move

into the nucleus. KGDH directly interacts with various

JMJ demethylases and limits their access to α-KG by

catalyzing its decarboxylation, thus inhibiting their

activity and modulating environmental fitness-related

genes in Arabidopsis [41] (Figure 2, left panel).

Mutations in KGDH lead to significant reductions in

multiple histone methylation marks, including

H3K4me3, H3K9me2, H3K27me3, and H3K36me3

due to elevated JMJ activities [41]. This mechanism

exemplifies metabolite-driven epigenetic regulation in

plant environmental adaptation. In human cells, the

KGDH is also localized in nucleus and interacts with

lysine acetyltransferase 2A (KAT2A) to generate

succinyl-CoA [42]. Critically, KAT2A exhibits higher

binding affinity for succinyl-CoA than acetyl-CoA,

redirecting its activity toward H3K79 succinylation

over histone acetylation to drive oncogenic transcrip-

tion and tumorigenesis [42]. This suggests that the

specificity of metabolic-guided epigenetic regulation

may also arise from variations in the substrate-binding

affinities of epigenetic enzymes. Whether plants

employ similar mechanisms remains an open question

for future research.

Moonlighting functions of metabolic
enzymes
Metabolic enzymes traditionally catalyze biochemical

reactions but increasingly are recognized for their

“moonlighting” functions―biochemically distinct roles

unrelated to their primary activity, as well as utilization

of non-canonical substrates to exert new biological ef-

fects [43]. In epigenetic regulation, these enzymes

directly influence histone modifications, uncoupled

from and beyond metabolite production. Strikingly,

numerous cytoplasmic and mitochondrial metabolic

enzymes moonlight in the nucleus, where they exert

canonical roles by generating metabolites essential for

epigenetic reactions as discussed above and non-

canonical roles such as acting as scaffolds for

chromatin-modifying complexes or displaying unex-

pected enzymatic activities, for instance, protein kinase

[44,45]. This underscores their versatility as molecular

integrators, bridging cellular metabolism with epige-

netic control.

A novel example is pyruvate kinase (PK), a central

glycolytic enzyme that catalyzes the conversion of

phosphoenolpyruvate to pyruvate. Beyond its metabolic

role, mammalian PKM2 isoforms have been shown to

phosphorylate histone H3 at threonine 11 (H3T11),

driving gene transcription and cancer progression [44].

Remarkably, recent studies in Arabidopsis uncovered

nuclear-localized PK isoforms (PK6, PK7, PK8) with

analogous histone kinase activity (Figure 2, middle

panel). Under energy-rich conditions (abundant

glucose/light), these plant PKs translocate to the nu-

cleus and partner with the chromatin-associated protein

SWI2/SNF2-RELATED 1 COMPLEX 4 (SWC4), which

recruits them to specific genes. Then, they deposit

H3T11ph and enhance the expression of developmental

regulators for flowering control [45]. This conserved

mechanism in plants and mammals highlights how

metabolic enzymes moonlight as epigenetic regulators,

bridging energy status with gene expression. Future

studies may help to uncover more metabolic enzymes

moonlighting in epigenetic regulation.
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Epigenetic regulators as metabolic sensors
Beyond chromatin-modifying enzymes influenced by

substrate metabolites, many epigenetic regulators could

also act as metabolic sensors that detect and respond to

non-canonical metabolite fluctuations. While direct

evidence in plants is limited, conserved mechanisms

exist in mammals and Drosophila. For instance, in human

cells, Ten-eleven translocation (TET) family proteins

and JMJ histone demethylases can directly sense and be

inhibited by TCA cycle intermediates such as succinate

Figure 2

Emerging metabolic-chromatin effector crosstalk mechanisms. Metabolic enzymes can not only provide energy but also possess non-canonical
nuclear or “moonlighting” functions in response to ambient or nutrient signaling and participate in epigenetic regulation. Left panel, related to nuclear
localized metabolic enzymes. In Arabidopsis, light promotes the nuclear targeting of the α-ketoglutarate dehydrogenase (KGDH) complex, composed of
oxoglutarate dehydrogenase (OGDH), dihydrolipoamide succinyltransferase (E2), and dihydrolipoamide dehydrogenase (E3), to facilitate its interaction
with JMJ histone demethylase enzymes. KGDH controls the nuclear availability of α-KG for histone demethylation by JMJs. Middle panel, related to
moonlighting function of metabolic enzymes. In Arabidopsis, pyruvate kinases PK6/7/8 enter the nucleus under conditions of sufficient glucose and light
exposure. PK6/7/8 interacts with and is recruited by SWI2/SNF2-RELATED 1 COMPLEX 4 (SWC4) to deposit histone H3 at threonine 11 (H3T11ph)
and promote transcription. Right panel, related to chromatin regulators as metabolic sensors. In rice, stress-induced low acetyl-CoA levels can be
directly sensed by the acetylation of adaptor protein ADA2 at lysine 263 (K263) via acetyltransferase General Control Nonderepressible (GCN5). This
acetylation stabilizes ADA2, enhancing the capture of acetyl-CoA by GCN5 and sustaining GCN5’s histone acetyltransferase (HAT) activity.

4 Epigenetics and gene regulation 2025

Current Opinion in Plant Biology 2025, 88:102820 www.sciencedirect.com



and fumarate [46]. The O-linked-N-acetylglucosami-

nylation (O-GlcNAc) of proteins serves as an essential

metabolic sensor to regulate multiple important bio-

logical processes including epigenetics in response to

the changes of glucose and other nutrients. In mammals

and Drosophila, the Enhancer of Zeste 2 (EZH2) subunit

of Polycomb Repressive Complex 2 (PRC2) undergoes

nutrient-responsive O-GlcNAc, enhancing its stability

and modulating H3K27me3 deposition [47]. Interest-

ingly, in Arabidopsis, O-GlcNAc transferase SECRET

AGENT (SEC) modifies and activates the histone

methyltransferase ARABIDOPSIS HOMOLOG OF

TRITHORAX1 (ATX1) via O-GlcNAc, promoting

H3K4me3 modifications at FLOWERING LOCUS C

(FLC) locus to repress flowering [48]. Proteomic studies

have revealed that multiple chromatin remodeling fac-

tors are O-GlcNAcylated in Arabidopsis [49]. A recent

study identified hundreds of proteins O-fucosylated by

SPINDLY (SPY), including modifiers involved in his-

tone modification, DNA methylation, and chromatin

remodeling [50]. Together, these O-GlcNAc and O-

fucosylation targets thus represent potential nodes for

crosstalk between sugar signaling and epigenetic con-

trol. Intriguingly, histone acetyltransferase General

Control Nonderepressible (GCN5) could acetylate its

adaptor protein ADA2 in rice (Figure 2, right panel).

The acetylation of this non-histone protein was pro-

posed as a metabolic sensing mechanism linking acetyl-

CoA availability to chromatin modification. Under

nutrient-rich conditions, high acetyl-CoA levels pro-

mote GCN5 mediated ADA2 acetylation and E3 ligase-

mediated degradation, reducing GCN5 activity to pre-

vent excessive histone acetylation. Osmotic stress-

induced ADA2 accumulation could stimulate GCN5

HAT activity to compensate for the reduced acetyl-CoA

levels for histone acetylation [51]. This feedback loop

dynamically adjusts histone acetylation in response to

metabolic shifts, ensuring metabolic homeostasis and

stress resilience.

Epigenomic fluctuations mediated by
nutrient signaling
Nutrients and metabolites not only directly influence

the modification of chromatin, but also act as signaling

molecules to regulate the epigenome through signaling

cascades. Recent research has discovered that cellular

nutrient and energy states are dynamically sensed by

two evolutionarily conserved, antagonistic signaling

hubs, the Target-of-Rapamycin (TOR) and Sugar Non-

Fermenting1-Related Kinase1 (SnRK1), the plant

ortholog of human AMP-activated Protein Kinase

(AMPK) and yeast Snf1 [1,3,4,6,52,53]. Under nutrient-

rich conditions, TOR is activated to promote cell growth

and proliferation by stimulating protein production and

other anabolic activities, while suppressing catabolic

activities [1,3,4,6,53]. In contrast, energy or nutrient

scarcity triggers plant SnRK1 and animal AMPK, to

suppress growth and promote catabolic pathways to

replenish ATP, and prioritize survival [1,6,52]. Beyond

metabolic regulation, TOR and SnRK1 coordinate plant

growth and developmental programs to align with

nutrient availability, suggesting their possible link to

epigenetic regulation [1,3,4,6,52,53] (Figure 3).

Sugar and nitrogen serve as fundamental nutrients for

plant growth and development, playing pivotal roles in

regulating key agronomic traits such as shoot branching/

tillering, flowering, and fruit and seed development, all

of which are crucial determinants of crop yield [1,2].

Recent studies have shown that these nutrients spe-

cifically drive epigenetic reprogramming, particularly

through the dynamic regulation of H3K27me3 [54]. In

Arabidopsis, glucose-activated TOR kinase phosphory-

lates FERTILIZATION-INDEPENDENT ENDO-

SPERM (FIE), a unique and essential PRC2

component, promoting its nuclear translocation to

enhance PRC2 activity (Figure 3). Within the nucleus,

the FIE-PRC2 complex is likely recruited by cis- and

trans-regulatory elements to deposit H3K27me3,

silencing key transcription factors that regulate devel-

opmental transitions [54]. This glucose-TOR-FIE axis

provides a mechanistic link between nutrient signaling

and epigenetic regulation, explaining how sugar avail-

ability orchestrates key phases of postembryonic

development in plants. Importantly, this mechanism

may also address the longstanding question of how

sugars support the vernalization-induced floral transi-

tion [54]. In Arabidopsis, TOR inhibition by AZD8055 or

RNAi has also been shown to reduce global H3K27me3

levels, leading to the derepression of transcriptional

stress responses [55]. Similarly, sugar starvation has also

been reported to induce a global reduction of

H3K27me3 in rice (Figure 3). Under low-energy stress,

SnRK1 accumulates in the nucleus, activating JMJ705

demethylase via phosphorylation. JMJ705 then removes

H3K27me3 from energy homeostasis-related transcrip-

tion factors, activating them to sustain metabolic bal-

ance during starvation [56]. Similarly, energy starvation

activates AMPK, which phosphorylates EZH2 and in-

hibits PRC2 activity, repressing H3K27me3-targeted

tumor suppressors and curbing tumor growth in mam-

mals [57]. These findings highlight an evolutionarily

conserved mechanism: sugar and energy signals, medi-

ated by TOR in nutrient-rich conditions and SnRK1/

AMPK during starvation, directly regulate H3K27me3

dynamics to regulate growth, development and stress

responses across eukaryotes [2,4,6,52—57].

Notably, nitrogen was also shown to activate TOR and

repress SnRK1 to promote root development, tillering,

and leaf expansion in plants [58]. In rice, nitrogen boosts

tillering via Nitrogen-mediated Tiller Growth Response

5 (NGR5)-guided H3K27me3 dynamics (Figure 3).

Under high nitrogen, NGR5 recruits PRC2 to deposit

H3K27me3 at tillering inhibitor gene loci, silencing their

expression and promoting tillering and grain yield [59].
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Intriguingly, in the glucose-TOR-FIE-PRC2 regulatory

cascade, PRC2 is proposed to interact with cis- and trans-

regulatory elements to orchestrate locus-specific

H3K27me3 deposition [54]. Given these findings, a

compelling avenue for future investigation is whether

and how the TOR-PRC2 module functionally integrates

with the NGR5-PRC2 pathway to coordinate glucose and

nitrogen crosstalk via responsive H3K27me3 dynamics.

Additionally, TOR inhibition in Arabidopsis reduces

global DNA methylation but elevates mCHH methyl-

ation at promoter regions, likely due to differential

regulation of related methyltransferases [60] (Figure 3).

In mammals, AMPK activates stress-responsive tran-

scription by directly interacting with chromatin and

phosphorylating histone H2B at Ser36 (H2BS36) [61].

In yeast, the kinase Snf1 phosphorylates histone H3

at serine 10 (H3S10), which is associated with enhanced

histone acetylation and activation of transcription [62].

Beyond their established roles in chromatin regulation,

TOR and SnRK1 may also directly modulate

histone acetylation. A large-scale phosphoproteomic

study in Arabidopsis cell cultures revealed that sugar-

TOR signaling regulates phosphorylation of histone

Figure 3

Epigenetic dynamics driven by nutrient sensing and signaling. Both nutrients and energy stress can trigger the reprogramming of DNA and histone
methylation landscape in plants. In rice, nitrogen promotes the nuclear accumulation of Nitrogen-mediated Tiller Growth Response 5 (NGR5), which
interacts with and recruits Polycomb repressive complex 2 (PRC2) complex to repress branching-inhibitory genes via H3K27me3 modification. Low
energy stress increases the nuclear translocation of the catalytic α subunit of Sugar Non-Fermenting1-Related Kinase1 (SnRK1), which interacts with
and phosphorylates JMJ705 to stimulate its H3K27me3 demethylase activity, promoting the expression of starvation-responsive transcription factor
genes. In Arabidopsis, glucose-activated Target-of-Rapamycin (TOR) kinase phosphorylates FERTILIZATION-INDEPENDENT ENDOSPERM (FIE), a
unique component of PRC2, enhancing its nuclear translocation and controlling genome-wide H3K27me3. TOR inhibition can also decrease the whole
genome DNA methylation. PRE, Polycomb response element.
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acetyltransferase GCN5 and Histone Deacetylase 19

(HDA19) [63]. Separately, the same group showed that

SnRK1 could interact with and phosphorylate acetyl-

CoA metabolic enzymes ACS and ACC1 (Figure 1),

potentially altering acetyl-CoA availability for histone

acetylation [64]. Moreover, the catalytic α subunit of

SnRK1 translocates to the nucleus under energy stress,

suggesting its capacity to phosphorylate chromatin-

associated substrates and mediate epigenetic regula-

tion [65] (Figure 3). Further studies are needed to

define these potential regulatory roles of TOR and

SnRK1 in epigenetic mechanisms. In summary, the

direct targeting of chromatin modifiers or even the

chromatin itself by nutrient-sensing and signaling

pathways represents a pivotal breakthrough in eluci-

dating how plants relay on nutrient status to reconfigure

the epigenome, thereby coordinating transcriptional

regulation and developmental programming.

Perspectives and future directions
Recent evidence highlights that nutrients and metabo-

lites serve as direct and indirect regulators of epigenetic

dynamics in the plant epigenome, facilitating adaptive

responses in growth, development, and metabolic pro-

cesses to environmental and nutrient fluctuations.

Future research efforts will further clarify the causal

links between physiologically relevant metabolic shifts

and specific epigenetic regulation in key developmental

processes, such as vernalization-induced flowering and

nitrogen-enhanced tillering [54,59]. Uncovering the

specificity of metabolic regulation of the epigenome

requires an integrated study of spatiotemporally

restricted metabolite availability, metabolite-dependent

modulation of enzymatic activity, specific regulation by

nutrient signaling pathways, and targeted recruitment

by cis-elements and trans-regulators. These regulatory

mechanisms often collaborate through synergistic in-

teractions rather than acting independently to deter-

mine epigenetic outcomes. Furthermore, current

research relying heavily on whole-plant analyses under

steady-state conditions obscures critical insights into

specific metabolic—epigenetic interactions and their

temporal dynamics. To address this gap, future studies

should integrate cutting-edge methodologies including

single-cell or cell-type-resolved profiling of the tran-

scriptome, epigenome, and metabolome, coupled with

genetically encoded biosensors capable of real-time

imaging of metabolic fluxes and nutrient signaling

[66,67]. By capturing spatiotemporal heterogeneity and

dynamic crosstalk between metabolic and epigenetic

states, these approaches will reveal novel mechanistic

insights and lead to discoveries in this emerging field.

Advances in elucidating the metabolic regulation of the

epigenome will enable precision epigenetic engineering

through metabolic modulation, offering targeted stra-

tegies to enhance crop resilience and optimize nutrient

use efficiency.

Declaration of competing interest
The authors declare that they have no known competing

financial interests or personal relationships that could have

appeared to influence the work reported in this paper.

Acknowledgements
X.N. and R.Y. are supported by grants from CEMPS and

CAS, Strategic Priority Research Program of the Chinese

Academy of Sciences (XDB0630101), the CAS Pioneer

Hundred Talents Program and Excellent Young Scien-

tists Fund (Overseas) to R.Y. J.S. is supported by the

National Institutes of Health grants, GM060493

and GM129093.

Data availability
No data was used for the research described in

the article.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

* of special interest

1. Li L, Liu KH, Sheen J: Dynamic nutrient signaling networks in
plants. Annu Rev Cell Dev Biol 2021, 37:341–367.

2. Fichtner F, Dissanayake IM, Lacombe B, Barbier F: Sugar and
nitrate sensing: a multi-billion-year story. Trends Plant Sci
2021, 26:352–374.

3. Liu Y, Hu J, Duan X, Ding W, Xu M, Xiong Y: Target of Rapa-
mycin (TOR): a master regulator in plant growth, develop-
ment, and stress responses. Annu Rev Plant Biol 2025, 76:
341–371.

4. Shi L, Wu Y, Sheen J: TOR signaling in plants: conservation
and innovation. Development 2018, 145.

5. Ferenc J, Ikmi A: Nutritional control of developmental pro-
cesses. Development 2023, 150.

6. Gonzalez A, Hall MN, Lin SC, Hardie DG: AMPK and TOR: the
yin and yang of cellular nutrient sensing and growth control.
Cell Metab 2020, 31:472–492.

7. Allis CD, Jenuwein T: The molecular hallmarks of epigenetic
control. Nat Rev Genet 2016, 17:487–500.

8. Cheng YJ, Wang JW, Ye R: Histone dynamics responding to
internal and external cues underlying plant development.
Plant Physiol 2024, 194:1980–1997.

9. Bartke T, Schneider R: You are what you eat - how nutrition
and metabolism shape the genome through epigenetics. Mol
Metabol 2020, 38, 100987.

10. Lu Y, Bu Q, Chuan M, Cui X, Zhao Y, Zhou DX: Metabolic regu-
lation of the plant epigenome. Plant J 2023, 114:1001–1013.

11. Huang F, He Y: Epigenetic control of gene expression by
cellular metabolisms in plants. Curr Opin Plant Biol 2024, 81,
102572.

12. Friso S, Udali S, De Santis D, Choi SW: One-carbon meta-
bolism and epigenetics. Mol Aspect Med 2017, 54:28–36.

13. Bai Z, Qi T, Liu Y, Wu Z, Ma L, Liu W, Cao Y, Bao Y, Fu C:
Alteration of S-adenosylhomocysteine levels affects lignin
biosynthesis in switchgrass. Plant Biotechnol J 2018, 16:
2016–2026.

14. Chen Y, Zou T, McCormick S: S-Adenosylmethionine synthe-
tase 3 is important for pollen tube growth. Plant Physiol 2016,
172:244–253.

Metabolism–epigenome crosstalk Nie et al. 7

www.sciencedirect.com Current Opinion in Plant Biology 2025, 88:102820

http://refhub.elsevier.com/S1369-5266(25)00134-7/sref1
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref1
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref2
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref2
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref2
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref3
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref3
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref3
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref3
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref4
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref4
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref5
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref5
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref6
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref6
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref6
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref7
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref7
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref8
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref8
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref8
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref9
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref9
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref9
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref10
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref10
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref11
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref11
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref11
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref12
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref12
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref13
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref13
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref13
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref13
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref14
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref14
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref14


15. Lee S, Doxey AC, McConkey BJ, Moffatt BA: Nuclear targeting
of methyl-recycling enzymes in Arabidopsis thaliana is
mediated by specific protein interactions. Mol Plant 2012, 5:
231–248.

16. Li W, Han Y, Tao F, Chong K: Knockdown of SAMS genes
encoding S-adenosyl-l-methionine synthetases causes
methylation alterations of DNAs and histones and leads to
late flowering in rice. J Plant Physiol 2011, 168:1837–1843.

17. Yan X, Ma L, Pang H, Wang P, Liu L, Cheng Y, Cheng J, Guo Y,
Li Q: METHIONINE SYNTHASE1 is involved in chromatin
silencing by maintaining DNA and histone methylation. Plant
Physiol 2019, 181:249–261.

18. Groth M, Moissiard G, Wirtz M, Wang H, Garcia-Salinas C,
Ramos-Parra PA, Bischof S, Feng S, Cokus SJ, John A, et al.:
MTHFD1 controls DNA methylation in Arabidopsis. Nat
Commun 2016, 7, 11640.

19. Zhou HR, Zhang FF, Ma ZY, Huang HW, Jiang L, Cai T, Zhu JK,
Zhang C, He XJ: Folate polyglutamylation is involved in
chromatin silencing by maintaining global DNA methylation
and histone H3K9 dimethylation in Arabidopsis. Plant Cell
2013, 25:2545–2559.

20. Gonzalez B, Vera P: Folate metabolism interferes with plant
immunity through 1C methionine synthase-directed
genome-wide DNA methylation enhancement. Mol Plant
2019, 12:1227–1242.

21. Markolovic S, Leissing TM, Chowdhury R, Wilkins SE, Lu X,
Schofield CJ: Structure-function relationships of human JmjC
oxygenases-demethylases versus hydroxylases. Curr Opin
Struct Biol 2016, 41:62–72.

22. Kooistra SM, Helin K: Molecular mechanisms and potential
functions of histone demethylases. Nat Rev Mol Cell Biol
2012, 13:297–311.

23. Cui X, Zheng Y, Lu Y, Issakidis-Bourguet E, Zhou DX: Metabolic
control of histone demethylase activity involved in plant
response to high temperature. Plant Physiol 2021, 185:
1813–1828.

24. Shi L, Tu BP: Acetyl-CoA and the regulation of metabolism:
mechanisms and consequences. Curr Opin Cell Biol 2015, 33:
125–131.

25. Chen C, Li C, Wang Y, Renaud J, Tian G, Kambhampati S,
Saatian B, Nguyen V, Hannoufa A, Marsolais F, et al.: Cytosolic
acetyl-CoA promotes histone acetylation predominantly at
H3K27 in Arabidopsis. Nat Plants 2017, 3:814–824.

26. Pietrocola F, Galluzzi L, Bravo-San Pedro JM, Madeo F,
Kroemer G: Acetyl coenzyme A: a central metabolite and
second messenger. Cell Metab 2015, 21:805–821.

27
*
. Kim JM, To TK, Matsui A, Tanoi K, Kobayashi NI, Matsuda F,

Habu Y, Ogawa D, Sakamoto T, Matsunaga S, et al.: Acetate-
mediated novel survival strategy against drought in plants.
Nat Plants 2017, 3, 17097.

This study indicates that drought can cause dynamic metabolic flux
conversion from glycolysis to acetate synthesis, promoting JA syn-
thesis and histone H4 acetylation enrichment to enhance drought
tolerance across diverse plant species.

28. Nitsch S, Zorro Shahidian L, Schneider R: Histone acylations
and chromatin dynamics: concepts, challenges, and links to
metabolism. EMBO Rep 2021, 22, e52774.

29. Sabari BR, Zhang D, Allis CD, Zhao Y: Metabolic regulation of
gene expression through histone acylations. Nat Rev Mol
Cell Biol 2017, 18:90–101.

30. Meng X, Baine JM, Yan T, Wang S: Comprehensive analysis of
lysine lactylation in rice (Oryza sativa) grains. J Agric Food
Chem 2021, 69:8287–8297.

31. Xie Z, Dai J, Dai L, Tan M, Cheng Z, Wu Y, Boeke JD, Zhao Y:
Lysine succinylation and lysine malonylation in histones.
Mol Cell Proteomics 2012, 11:100–107.

32. Contreras-de la Rosa PA, Aragon-Rodriguez C, Ceja-Lopez JA,
Garcia-Arteaga KF, De-la-Pena C: Lysine crotonylation: a
challenging new player in the epigenetic regulation of plants.
J Proteonomics 2022, 255, 104488.

33. Chen Y, Sprung R, Tang Y, Ball H, Sangras B, Kim SC, Falck JR,
Peng J, Gu W, Zhao Y: Lysine propionylation and butyrylation
are novel post-translational modifications in histones. Mol
Cell Proteomics 2007, 6:812–819.

34. Moellering RE, Cravatt BF: Functional lysine modification by
an intrinsically reactive primary glycolytic metabolite. Sci-
ence 2013, 341:549–553.

35. Taguchi G, Ubukata T, Nozue H, Kobayashi Y, Takahi M,
Yamamoto H, Hayashida N: Malonylation is a key reaction in
the metabolism of xenobiotic phenolic glucosides in Arabi-
dopsis and tobacco. Plant J 2010, 63:1031–1041.

36. Lu Y, Xu Q, Liu Y, Yu Y, Cheng ZY, Zhao Y, Zhou DX: Dynamics
and functional interplay of histone lysine butyrylation,
crotonylation, and acetylation in rice under starvation and
submergence. Genome Biol 2018, 19:144.

37. Shen Y, Issakidis-Bourguet E, Zhou DX: Perspectives on the
interactions between metabolism, redox, and epigenetics in
plants. J Exp Bot 2016, 67:5291–5300.

38. Xu Q, Yue Y, Liu B, Chen Z, Ma X, Wang J, Zhao Y, Zhou DX:
ACL and HAT1 form a nuclear module to acetylate histone
H4K5 and promote cell proliferation. Nat Commun 2023, 14:
3265.

39. Li X, Yu W, Qian X, Xia Y, Zheng Y, Lee JH, Li W, Lyu J, Rao G,
Zhang X, et al.: Nucleus-translocated ACSS2 promotes gene
transcription for lysosomal biogenesis and autophagy. Mol
Cell 2017, 66:684–697 e689.

40. Sutendra G, Kinnaird A, Dromparis P, Paulin R, Stenson TH,
Haromy A, Hashimoto K, Zhang N, Flaim E, Michelakis ED:
A nuclear pyruvate dehydrogenase complex is important for
the generation of acetyl-CoA and histone acetylation. Cell
2014, 158:84–97.

41
*
. Huang F, Luo X, Ou Y, Gao Z, Tang Q, Chu Z, Zhu X, He Y:
Control of histone demethylation by nuclear-localized alpha-
ketoglutarate dehydrogenase. Science 2023, 381, eadf8822.

Light induces KGDH, a TCA cycle rate-limiting enzyme, to enter the
nucleus and interact with various JMJs to regulate a-KG–dependent
histone demethylations and controls the genome-wide gene
expression.

42. Wang Y, Guo YR, Liu K, Yin Z, Liu R, Xia Y, Tan L, Yang P,
Lee JH, Li XJ, et al.: KAT2A coupled with the alpha-KGDH
complex acts as a histone H3 succinyltransferase. Nature
2017, 552:273–277.

43. Pan C, Li B, Simon MC: Moonlighting functions of metabolic
enzymes and metabolites in cancer. Mol Cell 2021, 81:
3760–3774.

44. Yang W, Xia Y, Hawke D, Li X, Liang J, Xing D, Aldape K,
Hunter T, Alfred Yung WK, Lu Z: PKM2 phosphorylates histone
H3 and promotes gene transcription and tumorigenesis. Cell
2012, 150:685–696.

45
*
. Hu P, Xu Y, Su Y, Wang Y, Xiong Y, Ding Y: Nuclear-localized
pyruvate kinases control phosphorylation of histone H3 on
threonine 11. Nat Plants 2024, 10:1682–1697.

Glucose or light stimulates PK6, PK7 and PK8 to enter the nucleus,
where they interact with SWC4 and phosphorylate H3 at threonine 11
to promote transcription and modulate flowering.

46. Xiao M, Yang H, Xu W, Ma S, Lin H, Zhu H, Liu L, Liu Y, Yang C,
Xu Y, et al.: Inhibition of alpha-KG-dependent histone and
DNA demethylases by fumarate and succinate that are
accumulated in mutations of FH and SDH tumor suppres-
sors. Genes Dev 2012, 26:1326–1338.

47. Chu CS, Lo PW, Yeh YH, Hsu PH, Peng SH, Teng YC, Kang ML,
Wong CH, Juan LJ: O-GlcNAcylation regulates EZH2 protein
stability and function. Proc Natl Acad Sci U S A 2014, 111:
1355–1360.

48. Xing L, Liu Y, Xu S, Xiao J, Wang B, Deng H, Lu Z, Xu Y,
Chong K: Arabidopsis O-GlcNAc transferase SEC activates
histone methyltransferase ATX1 to regulate flowering. EMBO
J 2018, 37.

49. Xu SL, Chalkley RJ, Maynard JC, Wang W, Ni W, Jiang X,
Shin K, Cheng L, Savage D, Huhmer AF, et al.: Proteomic
analysis reveals O-GlcNAc modification on proteins with key

8 Epigenetics and gene regulation 2025

Current Opinion in Plant Biology 2025, 88:102820 www.sciencedirect.com

http://refhub.elsevier.com/S1369-5266(25)00134-7/sref15
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref15
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref15
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref15
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref16
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref16
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref16
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref16
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref17
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref17
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref17
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref17
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref18
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref18
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref18
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref18
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref19
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref19
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref19
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref19
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref19
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref20
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref20
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref20
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref20
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref21
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref21
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref21
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref21
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref22
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref22
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref22
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref23
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref23
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref23
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref23
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref24
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref24
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref24
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref25
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref25
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref25
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref25
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref26
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref26
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref26
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref27
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref27
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref27
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref27
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref28
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref28
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref28
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref29
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref29
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref29
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref30
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref30
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref30
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref31
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref31
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref31
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref32
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref32
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref32
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref32
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref33
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref33
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref33
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref33
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref34
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref34
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref34
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref35
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref35
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref35
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref35
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref36
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref36
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref36
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref36
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref37
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref37
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref37
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref38
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref38
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref38
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref38
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref39
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref39
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref39
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref39
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref40
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref40
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref40
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref40
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref40
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref41
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref41
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref41
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref42
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref42
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref42
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref42
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref43
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref43
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref43
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref44
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref44
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref44
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref44
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref45
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref45
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref45
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref46
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref46
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref46
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref46
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref46
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref47
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref47
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref47
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref47
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref48
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref48
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref48
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref48
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref49
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref49
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref49


regulatory functions in Arabidopsis. Proc Natl Acad Sci U S A
2017, 114:E1536–E1543.

50. Bi Y, Shrestha R, Zhang Z, Hsu CC, Reyes AV, Karunadasa S,
Baker PR, Maynard JC, Liu Y, Hakimi A, et al.: SPINDLY me-
diates O-fucosylation of hundreds of proteins and sugar-
dependent growth in Arabidopsis. Plant Cell 2023, 35:
1318–1333.

51
*
. Yu Y, Zhao F, Yue Y, Zhao Y, Zhou DX: Lysine acetylation of
histone acetyltransferase adaptor protein ADA2 is a mech-
anism of metabolic control of chromatin modification in
plants. Nat Plants 2024, 10:439–452.

Stress-induced low acetylation of ADA2 enhances its protein accu-
mulation and stimulates GCN5 HAT activity to compensate for the
reduced acetyl-CoA levels for histone acetylation.

52. Baena-Gonzalez E, Rolland F, Thevelein JM, Sheen J: A central
integrator of transcription networks in plant stress and
energy signalling. Nature 2007, 448:938–942.

53. Xiong Y, McCormack M, Li L, Hall Q, Xiang C, Sheen J: Glucose-
TOR signalling reprograms the transcriptome and activates
meristems. Nature 2013, 496:181–186.

54
*
. Ye R, Wang M, Du H, Chhajed S, Koh J, Liu KH, Shin J, Wu Y,

Shi L, Xu L, et al.: Glucose-driven TOR-FIE-PRC2 signalling
controls plant development. Nature 2022, 609:986–993.

Glucose-TOR signaling promotes the phosphorylation and nuclear
localization of FIE to regulate cell fate transitions and vernalization-
induced flowering via genome-wide H3K27me3 control.

55. Dong Y, Uslu VV, Berr A, Singh G, Papdi C, Steffens VA, Heitz T,
Ryabova LA: TOR represses stress responses through global
regulation of H3K27 trimethylation in plants. J Exp Bot 2023,
74:1420–1431.

56
*
. Wang W, Lu Y, Li J, Zhang X, Hu F, Zhao Y, Zhou DX: SnRK1
stimulates the histone H3K27me3 demethylase JMJ705 to
regulate a transcriptional switch to control energy homeo-
stasis. Plant Cell 2021, 33:3721–3742.

Low energy stress promotes the nuclear enrichment of SnRK1, which
interacts with and phosphorylates JMJ705 to stimulate its H3K27me3
demethylase activity for energy homeostasis.

57. Wan L, Xu K, Wei Y, Zhang J, Han T, Fry C, Zhang Z, Wang YV,
Huang L, Yuan M, et al.: Phosphorylation of EZH2 by AMPK
suppresses PRC2 methyltransferase activity and oncogenic
function. Mol Cell 2018, 69:279–291 e275.

58. Liu X, Si W, He L, Yang J, Peng Y, Ren J, Liu X, Jin T, Yu H,
Zhang Z, et al.: The existence of a nonclassical TCA cycle in

the nucleus that wires the metabolic-epigenetic circuitry.
Signal Transduct Targeted Ther 2021, 6:375.

59
*
. Wu K, Wang S, Song W, Zhang J, Wang Y, Liu Q, Yu J, Ye Y,

Li S, Chen J, et al.: Enhanced sustainable green revolution
yield via nitrogen-responsive chromatin modulation in rice.
Science 2020, 367.

Nitrogen fertilization adjusts genome-wide reprogramming of
H3K27me3 methylation by NGR5-dependent recruitment of PRC2 to
increase tillering in rice.

60. Zhu T, Li L, Feng L, Mo H, Ren M: Target of Rapamycin reg-
ulates genome methylation reprogramming to control plant
growth in Arabidopsis. Front Genet 2020, 11:186.

61. Bungard D, Fuerth BJ, Zeng PY, Faubert B, Maas NL, Viollet B,
Carling D, Thompson CB, Jones RG, Berger SL:
Signaling kinase AMPK activates stress-promoted tran-
scription via histone H2B phosphorylation. Science 2010,
329:1201–1205.

62. Zhang M, Galdieri L, Vancura A: The yeast AMPK homolog
SNF1 regulates acetyl coenzyme A homeostasis and histone
acetylation. Mol Cell Biol 2013, 33:4701–4717.

63. Van Leene J, Han C, Gadeyne A, Eeckhout D, Matthijs C,
Cannoot B, De Winne N, Persiau G, Van De Slijke E, Van de
Cotte B, et al.: Capturing the phosphorylation and protein
interaction landscape of the plant TOR kinase. Nat Plants
2019, 5:316–327.

64. Van Leene J, Eeckhout D, Gadeyne A, Matthijs C, Han C, De
Winne N, Persiau G, Van De Slijke E, Persyn F, Mertens T, et al.:
Mapping of the plant SnRK1 kinase signalling network re-
veals a key regulatory role for the class II T6P synthase-like
proteins. Nat Plants 2022, 8:1245–1261.

65. Ramon M, Dang TVT, Broeckx T, Hulsmans S, Crepin N,
Sheen J, Rolland F: Default activation and nuclear trans-
location of the plant cellular energy sensor SnRK1 regulate
metabolic stress responses and development. Plant Cell
2019, 31:1614–1632.

66. Liu KH, Liu M, Lin Z, Wang ZF, Chen B, Liu C, Guo A, Konishi M,
Yanagisawa S, Wagner G, et al.: NIN-like protein 7 transcrip-
tion factor is a plant nitrate sensor. Science 2022, 377:
1419–1425.

67. Mita M, Sugawara I, Harada K, Ito M, Takizawa M, Ishida K,
Ueda H, Kitaguchi T, Tsuboi T: Development of red genetically
encoded biosensor for visualization of intracellular glucose
dynamics. Cell Chem Biol 2022, 29:98–108 e104.

Metabolism–epigenome crosstalk Nie et al. 9

www.sciencedirect.com Current Opinion in Plant Biology 2025, 88:102820

http://refhub.elsevier.com/S1369-5266(25)00134-7/sref49
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref49
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref50
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref50
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref50
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref50
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref50
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref51
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref51
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref51
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref51
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref52
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref52
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref52
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref53
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref53
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref53
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref54
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref54
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref54
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref55
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref55
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref55
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref55
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref56
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref56
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref56
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref56
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref57
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref57
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref57
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref57
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref58
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref58
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref58
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref58
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref59
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref59
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref59
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref59
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref60
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref60
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref60
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref61
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref61
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref61
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref61
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref61
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref62
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref62
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref62
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref63
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref63
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref63
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref63
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref63
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref64
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref64
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref64
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref64
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref64
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref65
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref65
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref65
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref65
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref65
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref66
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref66
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref66
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref66
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref67
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref67
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref67
http://refhub.elsevier.com/S1369-5266(25)00134-7/sref67

	The plant epigenome governed by nutrients and metabolism
	Introduction
	Modulating chromatin-modifying enzymes by metabolites
	Moonlighting functions of metabolic enzymes
	Epigenetic regulators as metabolic sensors
	Epigenomic fluctuations mediated by nutrient signaling
	Perspectives and future directions
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


