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Seed dormancy and germination are sequential phases, both tightly regulated by

environmental and hormonal cues to ensure germination under favorable conditions.

While hormonal and transcriptional regulators are well characterized, the epigenetic

mechanisms governing these transitions are less understood. We profiled H3K4me3,

H3K27me3, and H3K9me3 in the seeds of Arabidopsis thalianaColumbia-0 andCape

Verde Islands, representing shallow and deep dormancy, respectively, at freshly

harvested (FH), after-ripened (AR), and germination-stimulated (GS) states.

H3K4me3 and H3K9me3 co-localized in euchromatic, transcriptionally active

regions, whereas H3K27me3 occupied repressive domains. Histone methylation

landscapes were stable from FH to AR but showed a marked H3K9me3 increase

fromAR toGS in associationwith the activation of genes related to translation, energy

metabolism, and cell division. Co-marking by H3K4me3 and H3K9me3 correlated

with highest transcript levels. During dormancy release, AR-repressed genes,

including DOG1, showed targeted reductions in H3K4me3 and H3K9me3 levels.

These findings support a plant-specific role of H3K9me3 as an active or permissive

chromatin mark promoting transcriptional reprogramming during germination.

KEYWORDS

Arabidopsis, H3K9me3, histone methylation, seed germination, transcriptional
reprogramming
Introduction

Seed germination is a critical developmental transition in the plant life cycle, as its

proper timing is essential for ensuring survival and sustained growth in sessile organisms.

Accordingly, germination is tightly regulated by a complex interplay of internal and

environmental cues to occur only under favorable conditions. In some species, such as

Arabidopsis thaliana, seeds may fail to germinate even when environmental conditions are

favorable, due to the presence of seed dormancy (Bewley, 1997; Hilhorst, 2008; Li and Foley,

1997). This primary seed dormancy is progressively developed during seed maturation and

becomes fully established in association with desiccation tolerance at the end of maturation.

Dormancy is alleviated over time during dry storage of mature seeds, a process known as

after-ripening, and can be further reduced by cold and imbibition treatment, referred to as

stratification. Germination is initiated only after dormancy is sufficiently released, likely
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fpls.2026.1785818/full
https://www.frontiersin.org/articles/10.3389/fpls.2026.1785818/full
https://www.frontiersin.org/articles/10.3389/fpls.2026.1785818/full
https://www.frontiersin.org/articles/10.3389/fpls.2026.1785818/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2026.1785818&domain=pdf&date_stamp=2026-03-12
mailto:ysnoh@snu.ac.kr
mailto:bnoh2003@gmail.com
https://doi.org/10.3389/fpls.2026.1785818
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2026.1785818
https://www.frontiersin.org/journals/plant-science


Yoon et al. 10.3389/fpls.2026.1785818
reflecting the establishment of a cellular environment permissive for

transcriptional and metabolic reactivation (Weitbrecht et al., 2011).

Understanding the molecular mechanisms that govern the

transition from dormancy to germination is of fundamental

importance in both seed biology and agriculture. Numerous

studies have sought to elucidate the regulatory pathways

underlying this process. Abscisic acid (ABA) promotes dormancy

during seed maturation and inhibits germination of dormant seeds

(Kanno et al., 2010; Kinoshita et al., 2010; Kucera et al., 2005),

whereas gibberellins (GAs) antagonize ABA action to promote

germination by inducing key gene-regulatory networks required

for germination (Iwasaki et al., 2022; Lee et al., 2002; Liu and Hou,

2018; Piskurewicz et al., 2008). DELAY OF GERMINATION1

(DOG1) is a key regulator of seed dormancy, and natural

variations in DOG1 have reported to contribute to differences in

dormancy depth among Arabidopsis accessions (Finch-Savage and

Footitt, 2017; Footitt et al., 2020). While it is now revealed that

hormonal balance and intricate molecular and biochemical

networks are involved in dormancy and germination, the precise

molecular basis of these processes is yet to be fully characterized.

Histone methylation is a key epigenetic modification that

influences transcription by providing binding surfaces for reader

proteins, which in turn recruit transcription factors, chromatin

modifiers, and RNA polymerase machinery (Haider and Farrona,

2024). Depending on the specific lysine or arginine residue and

methylation state, histone methylation can either activate or repress

transcription. In plants, trimethylation of histone H3 at lysine 4

(H3K4me3) and lysine 36 (H3K36me3) are generally associated

with gene activation (Li et al., 2015; Zhang et al., 2009), whereas

H3K27me3 and plant-specific H3K9me2 are linked to

transcriptional repression (Deleris et al., 2012; Lippman et al.,

2004; Roudier et al., 2011). The function of H3K9me3 in plants,

however, remains less well understood. Unlike in animals, where it

is a hallmark of constitutive heterochromatin and transcriptional

silencing (Bannister et al., 2001; Bulut-Karslioglu et al., 2014; Peters

et al., 2001), H3K9me3 in plants is often enriched in euchromatic

regions and detected over transcriptionally active genes, with

limited enrichment at transposable elements (Naumann et al.,

2005; Roudier et al., 2009; Veiseth et al., 2011).

Several studies have implicated histone methylation in

regulating seed dormancy and germination. For example, the

Arabidopsis H3K4 demethylase LSD1-like1 (LDL1) and LDL2

reduce seed dormancy by downregulating DOG1 and ABA

signaling-related genes such as ABI3 (Zhao et al., 2015). The

H3K27me3 demethylase RELATIVE OF EARLY FLOWERING6

(REF6) promotes germination by facilitating the activation of ABA

catabolism genes such as CYTOCHROME P450, FAMILY707,

SUBFAMILY A, POLYPEPTIDE1 (CYP707A1) and CYP707A3,

and by relieving repression of endosperm-expressed genes that

may contribute to dormancy (Chen H. et al., 2020). The B3-

domain transcriptional repressors VIVIPAROUS1/ABI3-LIKE1

(VAL1) and VAL2, which interact with the H3K27me3

methyltransferase CURLY LEAF (CLF) and the reader LIKE

HETEROCHROMATIN PROTEIN1 (LHP1), suppress seed
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dormancy and promote seedling establishment by repressing

DOG1 expression (Chen N. et al., 2020). Although these studies

underscore the importance of histone methylation at specific

dormancy-related loci, it remains unclear whether these marks

are dynamically regulated during seed-state transitions, or

whether genome-wide changes in histone methylation contribute

to the broader transcriptional reprogramming associated with

dormancy release and germination.

Advances in genomic and epigenomic research tools such as

RNA sequencing (RNA-seq) and chromatin immunoprecipitation

sequencing (ChIP-seq) have enabled systematic investigation of

gene expression and chromatin modifications across plant

developmental transitions (Le et al., 2025). However, genome-

wide studies of histone methylation dynamics during dormancy

release and germination remain limited in seed biology. Beyond

histone methylation, the roles of other histone modifications and

epigenet ic mechanisms—and their coordination with

transcriptomic reprogramming—remain largely unexplored in

this context. Recent reports have begun to address this gap,

examining chromatin accessibility, de novo RNA synthesis, H3.3

histone variant deposition, and H3K27me3 dynamics during seed

germination (Sato et al., 2021; Tremblay et al., 2024; Wang et al.,

2023; Zhao et al., 2022). Yet to date, comprehensive genome-wide

studies of the after-ripening phase are still lacking, with only one

study so far integrating DNA methylation, small RNA, and

transcriptomic profiles in dormant and after-ripened seeds (Lee

et al., 2023).

In this study, we focused on and examined the dynamics of three

histone methylation marks—H3K4me3 (a representative active

mark), H3K27me3 (a representative repressive mark), and

H3K9me3 (a mark whose function is unclear in plants) (Veiseth

et al., 2011; Xu and Jiang, 2020)—across three distinct seed states:

freshly harvested (FH), after-ripened (AR), and germination-

stimulated (GS). We integrated these epigenomic profiles

with transcriptome data to assess whether transcriptional

reprogramming during seed-state transitions is coordinated with or

regulated by epigenomic reprogramming. To investigate seed-state-

dependent histone methylation and transcriptomic dynamics in

contrasting dormancy backgrounds and examine whether these

patterns are shared or accession-specific, we performed parallel

analyses in two Arabidopsis thaliana accessions: Columbia-0 (Col),

which exhibits shallow dormancy, and Cape Verde Islands (Cvi),

which demonstrates deep dormancy. Through these analyses, we

found that while histone methylation landscapes remained largely

stable during the FH-to-AR transition, a substantial increase in

H3K9me3 occurred during the AR-to-GS transition. H3K9me3 was

predominantly localized to transcriptionally active euchromatic

regions and showed a positive correlation with gene expression

across seed states. These findings indicate that H3K9me3 is likely

to act as a key epigenetic regulator of transcriptional reprogramming

during the AR-to-GS transition, potentially promoting the expression

of genes required for germination. Our study also provides strong

evidence that H3K9me3 has a plant-specific role as an active or

permissive epigenetic mark associated with transcription.
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Materials and methods

Plant materials and growth conditions

Arabidopsis thaliana accessions Columbia-0 (Col) and Cape

Verde Islands (Cvi) were used in this study. Plants were grown

under standard long-day conditions (16h light/8h dark) at 22 °C.

Freshly harvest (FH) seeds were obtained from yellow-green

siliques 14–16 days after pollination (DAP). After-ripened (AR)

seeds were collected from yellow-brown dehiscent siliques, followed

by the subsequent storage for two weeks (w) for Col and 60 days (d)

for Cvi at room temperature. Germination-stimulated (GS) seeds

were prepared by plating AR seeds on 1/2 Murashige and Skoog

(MS) medium, followed by a 3-d imbibition at 4°C, a 2-hour (hr)

white-light exposure, and a 24-hr dark incubation at 22 °C.

Chromatin immunoprecipitation followed
by sequencing and analysis

Seed chromatin was isolated for native-ChIP as previously

described by Müller et al (Muller et al., 2012). with the following

modifications. Whole seeds rather than isolated embryos were used

for chromatin extraction. Chromatin was fragmented using MNase

(NEB, MS247S) by incubating at 37 °C for 20 minutes (min),

extending the incubation time from the 8 min described in the

original protocol. Mnase digestion generated predominantly mono-

to tri-nucleosome-sized fragments (~150–500 bp), and fragment

size distribution was monitored by agarose gel electrophoresis. For

immunoprecipitation of histone protein-DNA complexes, the

following antibodies were used: a-H3K4me3 (Millipore, 07-473),

a-H3K9me3 (Millipore, 07-442), and a-H3K27me3 (Millipore, 07-

449). ChIPed DNAs were purified by the MinElute PCR

Purification Kit (Qiagen, 28006), followed by Proteinase K

(Roche, 03115828001) treatment.

ChIP-seq libraries were constructed using the TruSeq Library

Preparation Kit (Illumina, IP-202-1012) and sequenced on the

Illumina HiSeq4000 platform by Macrogen (Seoul, South Korea).

Raw reads were trimmed and quality-checked using Trimmomatic

(v0.39) (Bolger et al., 2014) with the following parameters: “PE

-phred33 ILLUMINACLIP: TruSeq3-PE.fa:2:30:10 LEADING:3

TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36”. Trimmed

reads were mapped to the nuclear genome of Arabidopsis using

Bowtie2 (v2.5.1) (Langmead and Salzberg, 2012) with the options “-p

40 -I 0 -X 500”. For Col, the TAIR10 reference genome (Reiser et al.,

2024) was used. For Cvi, a pseudo-Cvi genome was generated by

substituting Col SNPs in the TAIR10 with publicly available Cvi SNPs

(Jiao and Schneeberger, 2020). Duplicate reads were removed using

Picard MarkDuplicates (v2.18.29) (McKenna et al., 2010) with the

options “–REMOVE_DUPLICATES=true ASSUME_SORTED=true

QUIET=true VALIDATION_STRINGENCY=LENIENT”. Only

uniquely mapped reads were used for further analysis.

Histone methylation peaks were identified using MACS2

callpeak (v2.2.7.1) (Zhang et al., 2008) with the parameters “-f

BAMPE –max-gap 10 -B -q 0.01 -g 118078569 (116882681 for Cvi

samples using the pseudo-Cvi Tair10)”. Resulting peaks were
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filtered against the Arabidopsis greenscreen regions (Klasfeld

et al., 2022) to remove artifactual signals using BEDTools

(v2.31.1) (Quinlan and Hall, 2010) intersect with the “-v” option.

For comparative analysis, combined peak files across FH, AR, and

GS states for each histone methylation mark (H3K4me3, H3K9me3,

or H3K27me3) were generated using BEDTools merge.

H3K4me3 and H3K9me3 peaks were annotated against a

modified Arabidopsis thaliana gene annotation file in which gene

bodies were defined as 50% of region downstream from the

transcription start sites (TSSs). Annotation was performed using

BEDTools intersect with the option “-f 0.3”. Peaks not overlapping

with this modified annotation file were further annotated using the

option “-F 0.3”, and the two resulting sets were subsequently

merged. H3K27me3 peaks were annotated against the standard

Arabidopsis thaliana gene annotation file.

BigWig files were generated using deepTools bamCompare

(v3 .5 .5) (Ramirez et a l . , 2016) with the parameters

“–scaleFactorsMethod None –operation subtract -bs 10

–normalizeUsing CPM -bl”, to produce input-subtracted signal

tracks while excluding the Arabidopsis greenscreen regions

(Klasfeld et al., 2022) to reduce background noise. These bigWig

files were subsequently used to calculate signal coverage across

defined genomic regions using computeMatrix, and to generate

heatmaps and metaplots using plotHeatmap and plotProfile,

respectively. Visualization of bigWig files was performed using

the IGB browser (v10.1.0) (Freese et al., 2016).

Histone methylation enrichment scores were calculated from

the bigWig files using deepTools multiBigwigSummary (v3.5.5)

(Ramirez et al., 2016) to obtain signal values in given BED-format

regions or across genomic 10 kb-sized bins. The resulting matrices

were used as input for plotCorrelation (Galaxy Version 3.5.4

+galaxy0) (Ramirez et al., 2016) with Spearman’s rank correlation

to generate heatmaps representing pairwise correlation scores for

each histone methylation mark across seed states or between

different histone marks within each seed state.

For the identification of differential peaks, the bigWig files were

converted to BedGraph format using UCSC bigWigToBedGraph

(v469) (Perez et al., 2025) with default settings, followed by

differential peak calling using MACS2 bdgdiff (v2.2.7.1) (Zhang

et al., 2008). Identified differential peaks were annotated using the

same approach as used for the peak annotation.

RNA sequencing analysis

RNA-seq raw reads (SRA accession number: PRJNA835511)

(Lee et al., 2023) were downloaded from NCBI and processed as

described for ChIP-seq except for the alignment step. Alignment of

trimmed reads to the appropriate reference genomes was performed

using HISAT2 (v2.2.1) (Kim et al., 2019) with the options “-p 40

–dta –fr”. Transcript assembly and quantification were conducted

using StringTie (v2.2.3) (Pertea et al., 2015) on aligned BAM files

using the Araport11 genome annotation (Oct. 2023 version) as a

reference, with the options “-G -e”. Gene- and transcript-level count

matrices were subsequently generated using the prepDE.py script.

Differential gene expression analysis was performed using limma-
frontiersin.org
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voom (Galaxy Version 3.50.1+galaxy0) (Law et al., 2014; Smyth,

2005), edgeR (Galaxy Version 3.36.0+galaxy4) (Liu et al., 2015;

Robinson et al., 2010), and DEseq2 (Galaxy Version 2.11.40.8

+galaxy0) (Love et al., 2014), applying an expression filter defined

as CPM ≥ 1 in more than two samples. Differentially expressed

genes (DEGs) with log2(fold change) ≥ 1 and FDR < 0.05 across all

methods were considered as DEGs.

For visualization, bigWig files were generated using deepTools

bamCoverage (v3.5.5) (Ramirez et al., 2016) with the parameters

“–scaleFactorsMethod None -bs 10 –normalizeUsing RPKM”. For

quantification of gene expression levels, the log2-transformed

normalized CPM values from edgeR (TMM-normalized outputs)

were reverse-transformed and divided by gene lengths to produce

normalized RPKM (nRPKM) values.

Differential expression analysis of capped-small RNA

sequencing (csRNA-seq) data (Tremblay et al., 2024) was

performed using raw count matrices provided by the authors

(SRA accession number: GSE250329) (Tremblay et al., 2024).

EdgeR was used to identify differentially expressed transcription

sites (DE TSSs) based on a threshold of log2(fold change) ≥ 1 and

FDR < 0.05. DE TSSs were annotated by the TSS information

provided in the Supplementary Data 1 of Tremblay et al., 2024, and

the resulting gene list was used to identify genes overlapping with

the C1 to C5 cluster genes for Supplementary Figure 10.

Clustering of differentially expressed genes

Clustering of genes differentially expressed during seed state

transitions was performed using normalized RPKM values

(described above), applying k-means clustering (using one minus

Pearson correlation distance) in Morpheus, as mentioned in

figure legends.

Gene ontology analysis and functional
clustering

GO analysis of k-means clustered genes was conducted using

the ShinyGO (v0.8.0) (Ge et al., 2020). Comparative GO analysis

across gene sets was performed using the compareCluster function

implemented in the ClusterProfiler package (v4.12.6) (Wu et al.,

2021; Yu et al., 2012). Functional annotation clustering of DEGs

during the FH-to-AR transition was conducted using DAVID

(Huang da et al., 2009; Sherman et al., 2022).

Deep RNA-seq

Two biological replicates of deep RNA-seq libraries were

prepared following the manufacturer’s instructions (Illumina) by

using total RNAs isolated from Cvi FH and AR seeds. About 60 ng/

ml per sample was obtained after NGS library construction for

paired-end strand-specific deep-sequencing. The libraries were

validated using Agilent 2100 Bioanalyzer. Transcriptome

sequencing was performed on the Illumina TruSeq Stranded

HiSeq 2000 platform by Macrogen (Seoul, South Korea). More

than 20 Gbp reads per sample condition were obtained. After

trimming artifacts and processing with Trimmomatic, clean data

with 92% or higher for Phred quality score were obtained.
Frontiers in Plant Science 04
RNA extraction and reverse transcription
followed by real-time quantitative PCR
analysis

Total RNA was extracted as previously described (Meng and

Feldman, 2010), treated with DNase (Qiagen, 79254), and purified

using the RNeasy Mini Kit (Qiagen, 74106). 3 µg of total RNA per

sample was reverse-transcribed using oligo(dT) primers and M-

MuLV Reverse Transcriptase (Thermo Scientific, EP0352). qPCR

was performed in the Rotor-Gene Q real-time PCR system

(QIAGEN) using TOPreal SYBR Green qPCR PreMIX

(Enzynomics, RT500). The resulting synthesized cDNA was

analyzed using the standard curve method. The amplification

values were normalized to the expression of the reference gene

PP2A. RT–qPCR analyses were conducted using three independent

biological replicates, each analyzed with three technical replicates.

The mean of the technical replicates was used for quantification

unless clear outliers were identified and excluded. Results were

presented as mean ± standard error (SE) from three biological

replicates. The sequences of primers used for RT-qPCR are listed in

Supplementary Table 1.

ChIP assay

Chromatin extraction and Mnase-based fragmentation were

performed as described for ChIP-seq. qPCR was performed on

ChIPed DNAs using primers listed in Supplementary Table 1.

Three independent biological replicates were analyzed, each with

three technical qPCR replicates. Enrichment was quantified using

the comparative Ct method (2-DDCt) (Livak and Schmittgen, 2001),

with normalization to input DNA. ChIP–qPCR assays were

conducted using independently prepared samples separate from

those used for ChIP-seq.
Results and discussion

Genome-wide profiling of H3K4me3,
H3K9me3, and H3K27me3 in dormant,
after-ripened, and germination-stimulated
seeds

To investigate whether the epigenetic landscapes of the genome

in seeds are associated with the germination potential, we examined

the genome-wide enrichments of H3K4me3, H3K9me3, and

H3K27me3 in Arabidopsis seeds at dormant freshly-harvested

(FH), dormancy released after-ripened (AR), and germination-

stimulated (GS) states of the two Arabidopsis thaliana accessions,

Col and Cvi, each representing shallow and deep dormancy,

respectively. ChIP-seq analyses revealed different patterns of

distributions for the three histone methylation marks. H3K4me3

was enriched mainly at genic regions within euchromatin,

consistent with its well-known role as a transcription active mark,

while H3K27me3 displayed broad peaks over genic and intergenic

regions, reflecting its role as transcription repression mark

(Figures 1A–C). These distribution patterns were similar to those
frontiersin.org
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FIGURE 1

Genome-wide distributions of H3K4me3, H3K9me3 and H3K27me3 in Arabidopsis seed. (A) Genome browser view of RNA-seq and histone
methylation ChIP-seq signal tracks in seeds across a representative Col genomic region. For the RNA-seq track, published seed RNA-seq data (SRA
accession: PRJNA835511; Lee et al., 2023) were used. For comparison, signal tracks of previously published H3K9me2 ChIP-seq data from Col
seedlings (SRA accession: PRJNA762490; Zhao L et al., 2022) are also shown. Araport11 gene models are displayed as black bars and lines, and
transposable elements (TEs) are displayed as purple bars. (B) Distribution of H3K4me3, H3K9me3, and H3K27me3 in seeds along chromosomes 1–5
of Col. H3K9me2 signal is also displayed as a pericentromeric marker. (C) Metaplots of H3K4me3, H3K9me3, and H3K27me3 across regions
spanning 1 kb upstream to 3 kb downstream of transcription start sites (TSS) of all genes in Col (upper) and Cvi (lower). (D, E) Box plots (D) showing
H3K9me3 levels and metaplots (E) showing the distribution pattern of H3K9me3 enrichment over non-TE genes, TE fragments, and TE genes in Col
(upper) and Cvi (lower). Histone methylation levels for (B–E) are presented as input-subtracted CPM values (see Materials and Methods). In (D),
horizontal line and cross within each box indicate the median and mean, respectively; boxes span the interquartile range (25th–75th percentile), and
whiskers extend to adjacent values (i.e., the most extreme data points within 1.5 x the interquartile range).
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reported in other tissues (Foroozani et al., 2021; Li et al., 2015;

Roudier et al., 2011; Zhang et al., 2009, 2007) and across diverse

organisms (Bannister and Kouzarides, 2011; Margueron and

Reinberg, 2011; Zhou et al., 2011).

H3K9me3 exhibited a markedly different pattern from the ones

in animals. In animals, H3K9me3 is a canonical mark of

constitutive heterochromatin and is predominantly enriched at

pericentromeric and telomeric regions as well as within large

repetitive elements (Bulut-Karslioglu et al., 2012; Nicetto and

Zaret, 2019; Udugama et al., 2015). By contrast, consistent with

previous studies in plants (Charron et al., 2009; Naumann et al.,

2005), our study showed that H3K9me3 was predominantly

enriched at euchromatic regions and often colocalized with

H3K4me3 and transcribed genes (Figure 1A). Whole-genome

plots further supported these findings, showing that H3K4me3

and H3K9me3 were enriched in euchromatin, whereas the

heterochromatin-associated mark H3K9me2 was confined to

pericentromeric heterochromatin (Figure 1B). Histone

methylation metaplot analyses and the genomic feature-based

quantification revealed that H3K4me3 and H3K9me3 were

markedly enriched near transcription start sites (TSSs), whereas

H3K27me3 exhibited broad deposition across gene bodies

(Figure 1C; Supplementary Figure 1, S2). These TSS-centered

H3K4me3 and the broad deposition of H3K27me3 across gene

bodies are consistent with their established roles in transcription-

permissive and Polycomb-repressive contexts, respectively. Within

this genomic framework, the TSS-centered enrichment of

H3K9me3 suggests that, in Arabidopsis seeds, H3K9me3 may

function in a transcription-permissive chromatin context rather

than as a canonical heterochromatic mark observed in animals.

To further investigate the genomic context of H3K9me3

deposition, we analyzed its distribution across non-TE genes, TE

genes, and TE fragments. Our data showed that H3K9me3 was

enriched predominantly in non-TE genes, with significantly lower

levels in TE genes and TE fragments (Figures 1D, E). This finding

indicates that in Arabidopsis, H3K9me3 is primarily associated with

actively transcribed coding genes, rather than with silenced

repetitive elements. Notably, the profiles of H3K9me3 peaks in

TE genes and TE fragments differed from those in non-TE genes,

resembling the broad deposition patterns of H3K27me3, suggesting

a functional specificity of H3K9me3 in actively transcribed regions

of the genome. Taken together, these results revealed the distinct

genomic distributions of different histone methylation marks

during seed-state transitions and support the emerging view of

the role of H3K9me3 in euchromatin in plants.

Combinatorial occurrence of histone
methylation marks

Histone modifications often occur in combinatorial patterns

which establish diverse epigenetic environments influencing gene

expression. To investigate such patterns in seeds, we performed a

genome-wide correlation analysis of histone methylation marks

(H3K4me3, H3K9me3, and H3K27me3) across the three seed states

(FH, AR, and GS) in both Col and Cvi. A consistent positive

correlation was observed between H3K4me3 and H3K9me3 across
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all seed states in both Col and Cvi, whereas H3K4me3 showed no

significant correlation with H3K27me3 (Figure 2A). Notably,

H3K9me3 also displayed a weak correlation with H3K27me3. To

further analyze combinatorial histone mark depositions at the gene

level, we categorized genes by the presence of MACS2-defined peaks

for H3K4me3, H3K9me3, and H3K27me3 at their loci

(Supplementary Dataset S1, S2). Across all seed states, the most

abundant category consisted of genes marked with both H3K4me3

and H3K9me3, followed by those marked only with H3K4me3

(Figure 2B). Most of the H3K9me3 peaks were colocalized with

H3K4me3. By contrast, H3K27me3 was not frequently observed in

conjunction with H3K4me3 or H3K9me3. Notably in both Col and

Cvi, the proportion of genes marked with both H3K4me3 and

H3K9me3 increased from AR to GS, while the proportion of genes

marked with only H3K4me3 declined. Heatmaps of H3K4me3,

H3K9me3, and H3K27me3 enrichments centered on H3K4me3 or

H3K9me3 peaks also revealed similar deposition patterns between

H3K4me3 and H3K9me3, whereas H3K27me3 displayed a distinct

and somewhat inverse enrichment pattern (Supplementary

Figure 2). These findings imply a functional interplay between

H3K4me3 and H3K9me3 in modulating chromatin structure and

gene expression, while highlighting the notion that H3K27me3

plays a functionally and structurally divergent role from H3K4me3

and H3K9me3 marks.

Because a weak genome-wide correlation between H3K9me3

and H3K27me3 was observed (Figure 2A), we then specifically

examined H3K9me3 enrichment within genes co-marked with

H3K27me3 but lacking H3K4me3 (Figure 2C). Notably,

H3K9me3 levels were relatively low in these genes compared to

genes co-marked with H3K4me3 alone. Interestingly, H3K9me3

signals in genes co-marked solely with H3K27me3, displayed a

broad distribution resembling that of H3K27me3, whereas in genes

co-marked only with H3K4me3, H3K9me3 was sharply localized

near TSSs. These findings raise the possibility of partial cross-

reactivity of the H3K9me3 antibody used, as have commercial anti-

H3K9me3 antibodies been reported to weakly bind H3K27me3 due

to a high sequence similarity flanking the modification sites

(Egelhofer et al., 2011; Hattori et al., 2013). Nevertheless, a

potential for H3K9me3 to exert a functional role also within

repressive chromatin cannot be fully excluded. Further

experimental validation including antibody-specificity tests and

the use of antibodies with higher specificity (for example, clasping

antibodies (Riso et al., 2025)) will be required to flawlessly

determine the localization and functional relevance of H3K9me3

within repressive chromatin. Even with this limitation, the robust

co-enrichment of H3K9me3 with H3K4me3 within H3K27me3-

free chromatin clearly demonstrates that H3K9me3 is mainly

deposited with active chromatin in Arabidopsis seeds.

Influence of histone methylation on
transcriptional output in FH, AR, and GS
seeds

To study the relationship between histone methylation and gene

expression, we performed the integrative analysis of ChIP-seq and

RNA-seq datasets across FH, AR, and GS states in Col and Cvi
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seeds. RNA-seq data used for this analysis were previously

generated from seed samples prepared under the same

physiological conditions as those for the ChIP-seq samples (Lee

et al., 2023). All genes were binned into four groups based on their

expression levels (Figure 3A), and the enrichment of H3K4me3,
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H3K9me3, and H3K27me3 within each group was quantified

(Figure 3B). Consistent with previous studies (Roudier et al.,

2011; Zhu et al., 2017), H3K4me3 levels were positively correlated

with gene expression levels, while H3K27me3 levels were inversely

correlated across all seed states in both Col and Cvi seeds. Notably,
FIGURE 2

Correlation between histone methylation marks. (A) Heatmaps showing hierarchical clustering based on Spearman’s rank correlation of H3K4me3,
H3K9me3, and H3K27me3 in Col and Cvi seeds. Correlation coefficients were calculated using CPM values (see Materials and Methods) in 10 kb-bins
across the whole genomes. K27, H3K27me3; K4, H3K4me3; K9, H3K9me3. (B) Pie charts showing the relative proportions of genes carrying
individual or combinatorial histone marks. K4, K9, and K27 indicate genes marked solely with H3K4me3, H3K9me3, or H3K27me3, respectively; K4/
K9, K4/K27, and K9/K27 indicate genes marked with H3K4me3 and H3K9me3, H3K4me3 and H3K27me3, or H3K9me3 and H3K27me3, respectively;
K4/K9/K27 indicates genes marked with H3K4me3, H3K9me3, and H3K27me3. n.a. denotes genes lacking all three histone marks. (C) Metaplots
showing the enrichments of H3K4me3, H3K9me3, and H3K27me3 over genes marked with H3K4me3 and H3K9me3 but not with H3K27me3, or
over genes marked with H3K9me3 and H3K27me3 but not with H3K4me3, in Col (upper) and Cvi (lower) seeds.
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FIGURE 3

Relationship between gene expression and histone methylations. (A) Boxplots showing transcript abundance of genes stratified by expression levels.
Expression levels were calculated as normalized RPKM values (see Materials and Methods). H, M, L, and ND indicate genes in the top 33%, middle
33%, lowest 33%, and those with no detectable transcript reads, respectively. Values from two biological replicates (R1 and R2) are indicated. (B) Box
plots showing the enrichment levels of H3K4me3, H3K9me3, and H3K27me3 across the four gene groups defined in (A). See Figure 1D legend for
box plot explanation (A, B). (C) Violin plots showing the expression levels of genes carrying individual or combinatorial histone marks as defined in
Figure 2B. The number of genes in each category is indicated above the corresponding plot. Dots represent mean values; boxes indicate
interquartile range (25th–75th percentile); whiskers extend to adjacent values. Average values from two biological replicates are shown.
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H3K9me3 levels were also positively correlated with gene

expression levels. Together with its predominant localization in

euchromatic regions and enrichment around TSSs, this finding

suggests that H3K9me3 in plants may play a distinct role from its

canonical repressive role in animals. Instead, H3K9me3 may

function in a transcriptionally permissive or supportive manner,

similar to H3K4me3. Alternatively, it may act as a buffering

mechanism to fine-tune or limit excessive transcription.

Next, in order to investigate the combinatorial effects of histone

methylation marks on gene expression, we evaluated the expression

levels of genes marked with individual histone modification

(H3K4me3, H3K9me3, or H3K27me3) or combinations of these

marks, including H3K4me3 and H3K9me3 (H3K4me3/H3K9me3),

H3K4me3/H3K27me3, H3K9me3/H3K27me3, and H3K4me3/

H3K9me3/H3K27me3 (Figure 3C). Remarkably, genes marked

with H3K4me3/H3K9me3 exhibited significantly higher transcript

levels than those marked with either modification alone across the

FH, AR, and GS states in Col and Cvi seeds. This observation

further supports a potential synergistic interaction between

H3K4me3 and H3K9me3 in promoting transcriptional output.

Conversely, genes marked with H3K4me3/H3K27me3 or

H3K9me3/H3K27me3 displayed lower transcript levels compared
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to those marked with only H3K4me3 or H3K9me3, respectively,

consistent with the repressive role of H3K27me3. These results

indicate that H3K4me3 and H3K9me3 are associated with

transcriptional activation and may act synergistically, whereas the

presence of H3K27me3 in combination with these marks

counteracts their activating effects, thereby contributing to the

fine-tuning of gene expression in seeds.

Dynamics of histone methylation during
physiological and developmental
transitions in seed states

Next, to investigate whether genome-wide changes in histone

methylation occur during the seed-state transitions, we performed

correlation analyses of histone methylation enrichment within peak

regions across FH, AR, and GS stages (Figure 4A). In Col, strong

correlations in histone methylation levels were observed between

FH and AR across all marks, with H3K9me3 slightly lower than

H3K4me3 and H3K27me3. In contrast, the correlation between GS

and the earlier seed states (FH or AR) declined for H3K4me3 and

more noticeably for H3K9me3, suggesting a reorganization of active

chromatin features during germination. Conversely, H3K27me3
FIGURE 4

Dynamics of histone methylation during seed-state transitions. (A) Heatmaps showing Spearman’s rank correlations of H3K4me3, H3K9me3 and
H3K27me3 enrichments across FH, AR, and GS seed states. Correlation coefficients were calculated using CPM values over combined histone
methylation peaks from FH, AR, and GS datasets (see Materials and Methods). (B) Metaplots showing H3K4me3, H3K9me3, and H3K27me3
enrichments at the FH, AR, and GS states around TSS of all genes. (C) Numbers of differential peaks for H3K4me3, H3K9me3, and H3K27me3 during
seed-state transitions. DMRs with increased or decreased enrichments during the seed-state transitions are indicated in red and blue, relatively.
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retained a relatively strong correlation across all seed states,

indicating greater stability of this repressive mark from dormant

state to germination. In Cvi, the overall correlation patterns were

similar to those in Col with slight divergences that may reflect

potential accession-specific differences. Specifically, the correlations

of H3K4me3 and H3K9me3 between AR and GS were slightly

higher in Cvi compared to Col, whereas the correlation of

H3K27me3 between FH and AR was slightly reduced in Cvi.

Metaplots of histone methylation enrichment in regions

surrounding TSSs revealed that H3K4me3 and H3K27me3 levels

remained relatively constant across seed states in both Col and Cvi

(Figure 4B), consistent with the results of the above genome-wide

correlation analysis. In contrast, H3K9me3 exhibited more dynamic

behavior; its enrichment levels were maintained during the FH-to-

AR transition, however showed substantial increases during the

AR-to-GS transition in both accessions. This suggests that increase

in H3K9me3 might be a conserved epigenetic feature associated

with the initiation of germination in Arabidopsis.

To further investigate the dynamics of histone methylation

during seed-state transitions, we identified differential peaks for

H3K4me3, H3K9me3, and H3K27me3 between FH and AR, and

between AR and GS states. We then annotated these differential

peaks to nearby genes, designating the resulting gene sets as

differentially methylated genes (DMGs) (Supplementary Dataset

S3, S4). The validity of differential peaks was confirmed by ChIP-

qPCR of the representative regions showing differential enrichment

across transitions (for example, FH > AR, FH < AR, AR > GS, and

AR < GS) (Supplementary Figure 3, S4). Consistent with the

correlation and metaplot analyses, the number of differential

peaks for H3K4me3 and H3K9me3 was relatively limited during

the FH-to-AR transition but markedly increased during the AR-to-

GS transition in both Col and Cvi (Figure 4C). Remarkably, during

the AR-to-GS transition, the number of regions showing increased

H3K9me3 substantially outnumbered those with decreased

H3K9me3, showing ~ 7 and ~10 times higher in Col and Cvi,

respectively (Figures 4C, Supplementary Dataset S3, S4). This

suggests a potential crucial role of H3K9me3 in transcriptional

activation associated with germination. In line with the correlation

analysis (Figure 4A), we observed a higher number of differential

H3K27me3 peaks between FH and AR in Cvi than in Col, while the

number of differential H3K4me3 peaks between AR and GS was

lower in Cvi compared to Col. These findings indicate potential

accession-specific differences in histone methylation dynamics.

Nevertheless, the relatively small number of differential

H3K27me3 peaks between AR and GS suggests that H3K27me3-

mediated transcriptional repression might play a minor role

during germination.

In summary, genome-wide histone methylation landscapes

remained largely stable during the FH-to-AR transition,

indicating epigenetic continuity during dormancy release.

However, the AR-to-GS transition was marked by a substantial

increase in H3K9me3 at numerous genomic regions. This pattern

suggests that while chromatin states are maintained during

dormancy release, H3K9me3 may play a prominent role in

facilitating transcriptional reprogramming during germination.
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Conservation of differential histone
methylation and dynamics between Col
and Cvi

Our analyses revealed that the dynamics of histone methylation

during the seed-state transitions were largely similar between Col

and Cvi. To investigate whether differential histone methylation is

conserved between Col and Cvi seeds, we compared the sets of

DMGs associated with the differential H3K4me3 or H3K9me3

peaks in Col and Cvi (Supplementary Figure 5). The number of

DMGs shared between the two accessions during the FH-to-AR

transition was low. Likewise, the overlap of DMGs during the AR-

to-GS transition was also lower than expected, despite the broadly

similar patterns of H3K4me3 and H3K9me3 dynamics observed in

the two accessions. One possible explanation for this limited overlap

would be that the stringent criteria used for differential-peak calling

might have excluded regions containing small yet significant

changes in methylation. To address this possibility, we extended

our analysis by assessing H3K4me3 and H3K9me3 levels in Cvi

across the differential peaks identified in Col. In a reciprocal

manner, histone methylation levels in Col were assessed across

the differential peaks identified in Cvi. Notably, differential peaks

identified in Col showed statistically significant differences in

H3K4me3 and H3K9me3 levels in Cvi also, and vice versa

(Supplementary Figure 6). These results show that, although

individual differential peaks may differ potentially due to peak-

calling thresholds, the corresponding genomic regions undergo

comparable changes in H3K4me3 and H3K9me3 enrichment in

both Col and Cvi. Although genome-wide changes in histone

methylation were limited (particularly during the FH-to-AR

transition), the presence of regions with consistent histone

methylation changes across accessions suggests that localized

epigenetic modifications may contribute to gene regulation and

chromatin remodeling during seed-state transitions. Despite being

limited in number, such regions may serve as regulatory hotspots

with functional relevance in the control of dormancy- or

germination-associated gene expression.

Relationship between histone methylation
dynamics and transcriptional output during
seed-state transitions

The analysis of histone methylation dynamics suggested that

targeted, rather than global, changes in histone methylation may

affect transcription during seed-state transitions. To further explore

this, we examined whether histone methylation dynamics are

associated with transcriptome changes in the three seed states.

Differentially expressed genes (DEGs) were identified for the FH-

to-AR and AR-to-GS transitions (Supplementary Dataset S5, S6).

Notably, the number of DEGs was substantially higher during the

AR-to-GS transition than the FH-to-AR transition (Supplementary

Figure 7), in line with the pattern observed for differential

H3K4me3 and H3K9me3 peaks (Figure 4C). Next, all DEGs were

pooled and divided into five clusters (C1 to C5; Figure 5A) by

applying k-means clustering. Gene Ontology (GO) analysis revealed
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that genes within clusters C1 and C2 of Col and Cvi, which are

downregulated during the AR-to-GS transition, were enriched for

GO terms associated with stress-related processes such as water

deprivation, hypoxia, and ABA signaling (Supplementary Figure 8,
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Supplementary Dataset S7). On the other hand, genes in clusters C4

and C5, which are upregulated during the AR-to-GS transition,

were enriched for GO terms related to translation, fatty-acid

biosynthesis, cell division, differentiation, developmental growth,
FIGURE 5

Relationship between histone methylation dynamics and transcriptomic changes during seed-state transitions. (A) Heatmaps showing k-means
clustering (k = 5) of DEGs identified from FH vs. AR and AR vs. GS comparisons, based on their expression profiles across FH, AR, and GS states in
Col and Cvi. Expression levels from two biological replicates are shown. See text for gene clusters C1 to C5. (B) Z-scored histone methylation signals
for H3K4me3, H3K9me3 and H3K27me3 across FH, AR, and GS states in Col and Cvi for gene clusters C1 to C5. See Figure 1D legend for box plot
explanation. (C) Pie charts showing the proportions of genes in clusters C4 and C5 carrying histone methylation peaks at the GS state. K4 and K9
indicate genes marked only with H3K4me3 and H3K9me3, respectively; K4/K9 indicates genes marked with both H3K4me3 and H3K9me3; n.a.
denotes genes lacking both marks. (D) Bar plots showing the numbers and proportions of genes in clusters C4 and C5 harboring AR < GS differential
peaks for H3K4me3 (AR < GS K4), H3K9me3 (AR < GS K9), both marks (AR < GS K4/K9), or neither mark (AR < GS none) at the GS state. (E, F)
Expression levels of DMGs for H3K4me3 (upper) and H3K9me3 (lower) in Col (E) and Cvi (F). Values from two biological replicates (#1 and #2) are
indicated. Statistical significance was evaluated using the two-tailed Mann-Whitney U test; p refers to the adjusted p-value, and r denotes the effect
size. See Figure 1D legend for box plot explanation.
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and cellular component biogenesis (Supplementary Figure 8,

Supplementary Dataset S7).

To determine the relationship between histone methylation and

gene expression across these clusters, we quantified the levels of

H3K4me3, H3K9me3, and H3K27me3 at the genes within these

clusters in all seed states and presented the values as row Z-scores

(Figure 5B, Supplementary Dataset S8). Overall, the patterns of

expression dynamics generally correlated with the changes in

H3K4me3 and H3K9me3 levels in both Col and Cvi. Remarkably,

substantial correlations were observed between H3K9me3

dynamics and transcriptome dynamics for clusters C4 and C5 of

Col and Cvi, where genes were relatively lowly expressed at FH and

AR states but activated during the AR-to-GS transition. In

comparison, H3K4me3 showed a more modest correlation with

gene expression changes than H3K9me3 during this transition.

To further explore the role of histone methylation in regulating

clusters C4 and C5, we examined H3K4me3 and H3K9me3

depositions for genes in clusters C4 and C5 at the GS state. The

largest proportion of the genes—68% in Col and 76% in Cvi—were

marked with both H3K4me3 and H3K9me3 (Figure 5C). Among

these, 27% (Col) and 29% (Cvi) contained AR < GS differential

H3K9me3 peaks, while only 6% and 0.5%, respectively, had AR <

GS differential H3K4me3 peaks, and 5% and 1%, respectively,

harbored differential peaks for both marks (Figure 5D). On the

other hand, 13% (Col) and 16% (Cvi) of the genes were marked with

H3K4me3 alone (Figure 5C), of which 15% and 3%, respectively,

associated with AR < GS differential H3K4me3 peaks (Figure 5D).

Genes marked solely with H3K9me3 were relatively rare (8% in Col

and 2% in Cvi), and among them, 16% (Col) and 4% (Cvi) showed

AR < GS differential H3K9me3 peaks (Figure 5D).

A comparison of DEGs and DMGs further supported the

findings above (Supplementary Figure 9). Notably, ~20% of the

genes upregulated during the AR-to-GS transition contained AR <

GS differential H3K9me3 peaks in both accessions, whereas only

~9% (Col) and ~2% (Cvi) were associated with AR < GS differential

H3K4me3 peaks. Moreover, transcript levels of the genes marked

with differential H3K4me3 or H3K9me3 peaks during the AR-to-

GS transition correlated positively with H3K4me3 and H3K9me3

levels in both accessions (Figures 5E, F). In contrast, DMGs

identified during the FH-to-AR transition displayed relatively

constant or only slightly changed transcript levels (Figures 5E, F).

Taken together, these results further support the idea that

H3K9me3 might act as a key epigenetic regulator modulating

transcriptional reprogramming during the AR-to-GS transition

and potentially promoting the expression of genes essential

for germination.

Relationship between histone methylation
and transcription initiation during the AR-
to-GS transition

It has been generally believed that transcriptional activity in dry

seeds is largely suppressed due to chromatin compaction and

dehydration occurring during seed maturation. The relatively

weak correlation between transcriptome dynamics and histone
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methylation during the FH-to-AR transition may reflect the

transcriptional quiescence status of dry seeds. However, a recent

capped-small RNA sequencing (csRNA-seq) of dry seeds by

Tremblay et al (Tremblay et al., 2024). detected nascent capped

transcripts in dry seeds, raising the possibility that transcription

initiation may occur in dry seeds, although it remains unclear

whether these RNA polymerase-bound transcripts undergo

productive elongation. Tremblay et al (Tremblay et al., 2024). also

demonstrated that germinating seeds contain de novo synthesized

transcripts in addition to stored RNAs.

To examine whether H3K4me3 and H3K9me3 are associated

with potential transcription initiation, we identified differentially

expressed transcription start sites (DE TSSs) between DS (dry

seeds) and L26 (26-hour light-imbibed seeds) states (Tremblay

et al., 2024) that were comparable to the AR and GS states of this

study (Supplementary Figure 10 and Supplementary Dataset S9).

Genes in each cluster were classified based on whether they

overlapped with DE TSS-associated genes. Genes in clusters C1

and C2 overlapped with DS > L26 DE TSSs (i.e., downregulated

during germination), whereas genes in clusters C3, C4, and C5

overlapped with DS < L26 DE TSSs (i.e., upregulated during

germination). Notably, increases in H3K9me3 levels during the

AR-to-GS transition were more pronounced in C3, C4, and C5

cluster genes showing overlap with DE TSSs than genes showing no

overlap (Supplementary Figure 10). Interestingly, reductions in

H3K9me3 levels, and to a lesser extent, H3K4me3 levels, during

the AR-to-GS transition were also more evident in C1 and C2

cluster genes showing overlap with DE TSSs than genes showing no

overlap (Supplementary Figure 10). These results indicate that

changes in H3K4me3 and particularly H3K9me3 levels are

associated with transcriptional initiation events as captured by

csRNA-seq during germination.

Biological functions of genes enriched with
H3K9me3 during germination

A substantial portion of GS-upregulated genes carrying AR <

GS differential H3K9me3 peaks led us to investigate whether these

genes possess distinct functional characteristics compared to the

rest of GS-upregulated genes. To address this, we classified genes in

clusters C4 and C5 into four groups: (1) genes with AR < GS

differential H3K9me3 peaks, (2) genes with common H3K9me3

peaks between AR and GS, (3) genes with H3K9me3 peaks that

were neither classified as AR < GS differential H3K9me3 peaks nor

as common peaks, and (4) genes lacking detectable H3K9me3 peaks

(Figure 6A and Supplementary Table 2).

To elucidate the functional relevance of these groups, we

performed GO analyses for each of the four groups (Figure 6B

and Supplementary Dataset S10). Notably, enriched GO terms

varied among the groups, suggesting potential functional

divergence. In Col, genes with AR < GS differential H3K9me3

peaks were primarily associated with GO terms such as translation

and ribosome biogenesis, suggesting their roles in ensuring

translation capability of germinating seeds. In contrast, genes with

non-differential (common) H3K9me3 peaks were enriched with GO
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terms related to energy metabolism such as oxidative

phosphorylation, aerobic respiration, and ATP biosynthesis, along

with comparatively modest enrichment for GO terms related to

translation. The third group exhibited enrichment for cellular/tissue

differentiation and carbohydrate metabolism. Although this group

displayed relatively low H3K9me3 levels, yet the levels increased

more than two-fold during the AR-to-GS transition (Figure 6A).

Finally, the fourth group showed a strong enrichment for GO terms

related to cell cycle. Furthermore, the GO terms enriched among

GS-upregulated genes with AR < GS differential H3K4me3 peaks

differed from those associated with AR < GS differential H3K9me3

peaks (Supplementary Figure 11).

Genes carrying AR < GS differential H3K9me3 peaks in Cvi

were also predominantly enriched for translation-related GO terms,

resembling the trend observed in Col (Figure 6B). Genes with

common H3K9me3 peaks (the second group) exhibited

enrichment for protein glycosylation, ATP metabolic processes,

and biosynthetic processes of cellular macromolecules. The third

group showed enrichment for cellular/tissue differentiation and

diverse biosynthetic and metabolic processes. Similar to the
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observation in Col, genes lacking H3K9me3 peaks in Cvi (the

fourth group) were enriched with cell cycle and DNA-replication-

related processes. These results show that functionally diverse genes

are subjected to different epigenetic regulation during germination.

To address the potential regulatory role of H3K9me3 during

germination, we also analyzed gene expression levels and fold

changes during the AR-to-GS transition across the four groups

(Supplementary Dataset S11). In all groups, transcript levels at the

AR and GS states positively correlated with H3K9me3 levels

(Figure 6C), supporting a positive correlation between gene

expression and H3K9me3 levels. Fold changes in gene expression

were also positively correlated with changes in H3K9me3

enrichment, except for genes lacking H3K9me3 peaks (Figure 6D).

Genes in the first and third groups exhibited greater fold induction

than the genes in the second group. Genes lacking H3K9me3 peaks

(the fourth group) showed the highest and most variable fold

inductions. These correlative patterns were commonly observed in

Col and Cvi. Taken together, the results above indicate that

H3K9me3 is enriched during germination selectively at genes that

require high expression levels, especially those involved in translation.
FIGURE 6

Characteristics of genes in clusters C4 and C5 categorized by H3K9me3 status during the AR to GS transition. (A) Metaplots showing H3K9me3
enrichment at the AR and GS states for genes in clusters C4 and C5 in Col and Cvi. Categories: DF (differential AR < GS peaks), CM (common peaks
in AR and GS), UC (uncategorized peaks), and ND (no detectable peaks). (B) Dot plots showing enriched GO terms (biological processes; FDR < 0.05)
for each category defined in (A). Dot size indicates the fold enrichment of genes associated with each GO term, and color reflects the FDR value for
enrichment. (C, D) Box plots showing expression levels at the AR and GS states (C), and fold change in expression during the AR-to-GS transition (D)
for each category defined in (A). Values from two biological replicates (#1 and #2) are indicated in (C), whereas average values from two biological
replicates are shown in (D). See Figure 1D legend for box plot explanation.
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Changes in histone methylation and
transcriptional output during air-ripening

Although active transcription is unlikely to occur in dry seeds,

previous studies have reported transcriptomic differences between

seeds at FH and AR states. Consistently, we also identified

numerous DEGs during the FH-to-AR transition (Figure 7).

While the functional relevance of these DEGs to dormancy

regulation remains unclear, we sought to identify candidate genes

potentially associated with maintenance or release of seed

dormancy by analyzing genes upregulated or downregulated

during the FH-to-AR transition both in Col and Cvi. Genes with

a log2(fold change) threshold of ≥ |1.0| in both accessions were

selected and further refined by selecting those overlapping with the

FH vs. AR DEGs obtained from an independent deep RNA-seq

experiment using Cvi FH and AR seeds (see Materials and

Methods). We then investigated the histone methylation status of

these DEGs to explore the possibility that histone methylation

contributes to the regulation of seed dormancy-associated gene

regulation during air-ripening (Figures 7A–D, Supplementary

Dataset S12).

In total, 224 and 101 genes were commonly downregulated

and upregulated, respectively, in both Col and Cvi during the

FH-to-AR transition. The common AR-repressed gene group

included those encoding seed storage proteins, enzymes involved

in lipid biosynthesis, and proteins with diverse functions

(Supplementary Dataset S13). Among them, genes encoding

transcription factors were of particular interest due to their

potential regulatory roles in dormancy-related gene expression.

Notably, genes encoding transcription factors linked to

dormancy or germination, such as bZIP67 (AT3G44460), a

trans-activator of DOG1 (Bryant et al., 2019), and PEI1/TZF6

(AT5G07500), a negative regulator of germination (Bogamuwa

and Jang, 2013), were found in this group (Figure 7A,

Supplementary Dataset S13).

A histone methylation profiling revealed that the majority of the

AR-repressed genes were marked with H3K4me3, with a smaller

subset with H3K9me3. In contrast, only a relatively small portion of

the genes were marked with H3K27me3, suggesting a minor role of

H3K27me3 in repressing these genes. At the AR state, a notable

reduction in the number of H3K9me3 peaks was observed,

suggesting decreased enrichments at many loci to levels below the

peak-detection threshold. Comparison of histone methylation levels

between FH and AR revealed differential enrichments for a

substantial subset of AR-repressed genes in both Col and Cvi

(Figure 7A). Overall, histone methylation changes were modest,

with most genes exhibiting less than two-fold differences and only a

small subset showing more pronounced reductions (Supplementary

Table 3). Specifically, ~43% (Col) and ~ 33% (Cvi) of AR-repressed

genes showed a reduction in H3K4me3 (log2(AR + 1/FH+1) < -0.3)

with a subset, 21% (Col) and 14% (Cvi), showing more substantial

reductions (log2(AR + 1/FH+1) < -0.5). Decreases in H3K9me3

were also observed in 21% (Col) and 47% (Cvi) of these genes, with

a subset, 11% (Col) and 30% (Cvi), showing more pronounced

changes (log2(AR + 1/FH+1) < -0.5). These results suggest the

possibility that subsets of AR-repressed genes may be
Frontiers in Plant Science 14
transcriptionally more active in FH seeds than in AR seeds and

that their downregulation during air-ripening may be mediated at

least partially by the reduction of activating marks such as

H3K4me3 and H3K9me3.

Common AR-upregulated genes, which were fewer in number

than AR-downregulated genes, were associated with responses to

abiotic and biotic stresses (Supplementary Dataset S13). This group

contained genes encoding stress-related transcription factors such

as DREB2A (AT5G05410), ABR1 (AT5G64750), WRKY18

(AT4G31800), and HSFB2B (AT4G11660) etc. (Figure 7B,

Supplementary Dataset S13), suggesting their potential role in

safeguarding seed viability during dry storage following dormancy

release. Similar to the AR-downregulated genes, the majority of the

AR-upregulated genes were marked with H3K4me3 or H3K9me3,

but not with H3K27me3 (Figure 7B). Histone methylation changes

among AR-upregulated genes were less pronounced overall

compared to those detected in AR-downregulated genes,

especially for H3K9me3 in Col (Figure 7B, Supplementary

Table 3). Approximately, 38% (Col) and 31% (Cvi) of AR-

upregulated genes showed increased H3K4me3 levels (log2(AR +

1/FH+1) > 0.3), with 18% (Col) and 17% (Cvi) exhibiting larger

magnitude increase (log2(AR + 1/FH+1) > 0.5). Increases in

H3K9me3 were observed in a smaller fraction of genes —7%

(Col) and 19% (Cvi)— with a limited subset showing higher

magnitude changes (log2(AR + 1/FH+1) > 0.5).

Given that active transcription is generally restricted in dry

seeds, the modest or insignificant increases in H3K4me3 and

H3K9me3 suggest that elevated transcript levels of the AR-

upregulated genes may not be the result of de novo transcription

during air-ripening. Nevertheless, a small number of AR-

upregulated genes exhibited clear gains in H3K4me3 or

H3K9me3 in both Col and Cvi, raising the possibility of selective

transcriptional activation for specific loci during the FH-to-AR

transition (Figures 7C, D).

To determine whether the observed histone methylation changes

were gene-specific or the result of random, biologically irrelevant

fluctuation during air-ripening, we analyzed a control set of randomly

selected non-differentially expressed genes (non-DEGs) (Figure 7C).

The vast majority of non-DEGs exhibited stable levels of histone

methylation, with no significant skew toward either an increase or

decrease in enrichments. These findings indicate that the alterations in

H3K4me3 and H3K9me3 levels observed in AR-downregulated genes

—and the H3K4me3 changes in AR-upregulated genes—are not

attributable to a global shift in histone methylation patterns. These

results further support that transcriptional repression during the FH-

to-AR transition is associated with the targeted reduction of H3K4me3

and H3K9me3 marks.

We also sought to identify genes that may contribute to

variation in dormancy depth by focusing on Cvi-specific

transcriptional changes (Figures 7E–H). Genes with a log2(fold

change) threshold of ≥ |1.0| in Cvi but < |0.5| in Col were

selected and refined further by comparison using the deep RNA-

seq data. This yielded 459 and 277 Cvi-specific AR-downregulated

and AR-upregulated genes, respectively (Supplementary Dataset

S12). Overall patterns of histone methylation mark composition

and the differential enrichment of H3K4me3 and H3K9me3 for
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FIGURE 7

Relationship between transcript and histone methylation changes during air-ripening. (A, B) Left panels: Heatmaps showing row Z-scores of
normalized RPKM values for hierarchically clustered genes that are down-regulated (A) or up-regulated (B) during the FH to AR transition in both Col
and Cvi. Results from two biological replicates are shown. Middle panels: Binary maps showing presence (red) or absence (black) of H3K4me3 (K4),
H3K9me3 (K9), or H3K27me3 (K27) mark for each gene. Right panels: Heatmaps showing log2 fold changes in H3K4me3 (K4) or H3K9me3 (K9) levels
between FH and AR calculated as log2(AR + 1/FH+1). (C) Ranked scatter plots showing log2 fold change in H3K4me3 or H3K9me3 level per gene,
with genes ordered by the difference in histone methylation levels between FH and AR. (D) Genome browser snapshots showing H3K4me3 or
H3K9me3 ChIP-seq signal tracks at representative gene loci in the FH and AR seeds of Col and Cvi. (E, F) Left panels: Heatmaps displaying row Z-
scores of normalized RPKM values for hierarchically clustered genes that are downregulated (E) or upregulated (F) specifically in Cvi during the FH-
to-AR transition. Results from two biological replicates are shown. Middle panels: Binary maps indicating the presence (red) or absence (black) of
H3K4me3 (K4), H3K9me3 (K9), or H3K27me3 (K27) mark. Right panels: Heatmaps showing log2 fold changes in H3K4me3 (K4) or H3K9me3 (K9)
levels between FH and AR calculated as log2(AR + 1/FH+1). (G) Genome browser views of H3K4me3 or H3K9me3 ChIP-seq signal tracks at
representative genes selected from (E) in Col and Cvi seeds at the FH and AR states. (H) Transcript levels of the genes shown in (G) as measured by
RT-qPCR in Col and Cvi seeds at the FH and AR states. PP2A was used as an expression control for normalization. Values represent the mean ± SE
from three biological replicates. Each biological replicate was analyzed using three technical replicates.
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these genes (Figures 7E, F) resembled those of the common AR-

regulated genes (Figures 7A, B).

Interestingly, Cvi-specific DEGs exhibited a degree of similarity

in H3K4me3 and H3K9me3 dynamics in Col during the FH-to-AR

transition. For example, the master dormancy regulator DOG1

(AT5G45830) and its homolog DOGL4 (AT4G18650) showed

significant decreases in H3K9me3 level in both Col and Cvi

(Figure 7G), even though RNA-seq data did not indicate

differential expression in Col. This discrepancy may be attributed

to experimental variation, possibly due to a later harvest of FH seeds

used for Col RNA-seq relative to those used for ChIP-seq, which

were harvested independently in different laboratories. Supporting

this, our RT-qPCR analysis showed that these genes were indeed

downregulated in Col AR seeds, consistent with the expression

patterns observed in Cvi (Figure 7H). Collectively, these results

indicate conserved dynamics of chromatin across Col and Cvi at

dormancy regulated loci. Our findings indicate that transcriptional

shift associated with dormancy release is accompanied by targeted

reduction of activating histone marks, specifically H3K4me3 and

H3K9me3. The reduction of these marks may cause reduced

transcriptional output, or alternatively, may simply reflect a

downstream consequence of reduced transcription.
Conclusions

Our study reveals that H3K9me3, typically regarded as a

repressive histone mark, is positively associated with transcription

in Arabidopsis seeds and increases markedly during germination.

Histone methylation profiles remained largely stable from FH to

AR, but dormancy release was accompanied by reductions in

H3K4me3 and H3K9me3 at a subset of downregulated genes.

These findings suggest a plant-specific role for H3K9me3 as an

active or permissive chromatin mark that supports transcriptional

reprogramming during germination. More broadly, they highlight

potential kingdom-level differences in histone modification

function, expanding our understanding of epigenetic diversity

across eukaryotes.
Data availability statement

ChIP-seq data have been deposited in the Gene Expression

Omnibus (GEO) under the SuperSeries accession number

GSE305225. Deep RNA-seq data have been deposited in the GEO

under the SuperSeries accession number GSE270762. All other data

are available from the authors upon reasonable request.
Author contributions

J-WY: Writing – original draft, Formal Analysis, Writing – review

& editing, Data curation, Investigation. M-JK: Writing – review &

editing, Data curation, Formal Analysis, Investigation. HJ: Writing –
Frontiers in Plant Science 16
review & editing, Investigation, Formal Analysis, Data curation. Y-SN:

Investigation, Funding acquisition, Conceptualization, Validation,

Writing – review & editing, Writing – original draft, Supervision,

Formal Analysis. BN: Writing – review & editing, Conceptualization,

Investigation, Writing – original draft, Funding acquisition,

Supervision, Validation, Formal Analysis.
Funding

The author(s) declared that financial support was received for

this work and/or its publication. This work was supported by grants

from the National Research Foundation of Korea (No.RS-2021-

NR060084 to Y.-S.N. and 2020R1A2C2008109 to B.N.). We are

grateful to Research Center for Plant Plasticity for providing

computational resources.
Conflict of interest

The author(s) declared that this work was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declared that generative AI was used in the

creation of this manuscript. The author(s) declared that ChatGPT

has been used to correct the grammar and language of the

final manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2026.1785818/

full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2026.1785818/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2026.1785818/full#supplementary-material
https://doi.org/10.3389/fpls.2026.1785818
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Yoon et al. 10.3389/fpls.2026.1785818
References

Bannister, A. J., and Kouzarides, T. (2011). Regulation of chromatin by histone
modifications. Cell Res. 21, 381–395. doi: 10.1038/cr.2011.22

Bannister, A. J., Zegerman, P., Partridge, J. F., Miska, E. A., Thomas, J. O., Allshire, R.
C., et al. (2001). Selective recognition of methylated lysine 9 on histone H3 by the HP1
chromo domain. Nature 410, 120–124. doi: 10.1038/35065138

Bewley, J. D. (1997). Seed germination and dormancy. Plant Cell 9, 1055–1066.
doi: 10.1105/tpc.9.7.1055

Bogamuwa, S., and Jang, J. C. (2013). The Arabidopsis tandem CCCH zinc finger
proteins AtTZF4, 5 and 6 are involved in light-, abscisic acid- and gibberellic acid-
mediated regulation of seed germination. Plant Cell Environ. 36, 1507–1519.
doi: 10.1111/pce.12084

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/
btu170

Bryant, F. M., Hughes, D., Hassani-Pak, K., and Eastmond, P. J. (2019). Basic LEUCINE
ZIPPER TRANSCRIPTION FACTOR67 transactivates DELAY OF GERMINATION1
to establish primary seed dormancy in arabidopsis. Plant Cell 31, 1276–1288.
doi: 10.1105/tpc.18.00892

Bulut-Karslioglu, A., de la Rosa-Velazquez, I. A., Ramirez, F., Barenboim, M., Onishi-
Seebacher, M., Arand, J., et al. (2014). Suv39h-dependent H3K9me3 marks intact
retrotransposons and silences LINE elements in mouse embryonic stem cells.Mol. Cell
55, 277–290. doi: 10.1016/j.molcel.2014.05.029

Bulut-Karslioglu, A., Perrera, V., Scaranaro, M., de la Rosa-Velazquez, I. A., van de
Nobelen, S., Shukeir, N., et al. (2012). A transcription factor-based mechanism for
mouse heterochromatin formation. Nat. Struct. Mol. Biol. 19, 1023–1030. doi: 10.1038/
nsmb.2382

Charron, J. B., He, H., Elling, A. A., and Deng, X. W. (2009). Dynamic landscapes of
four histone modifications during deetiolation in Arabidopsis. Plant Cell 21, 3732–
3748. doi: 10.1105/tpc.109.066845

Chen, H., Tong, J., Fu, W., Liang, Z., Ruan, J., Yu, Y., et al. (2020). The H3K27me3
demethylase RELATIVE OF EARLY FLOWERING6 suppresses seed dormancy by
inducing abscisic acid catabolism. Plant Physiol. 184, 1969–1978. doi: 10.1104/
pp.20.01255

Chen, N., Wang, H., Abdelmageed, H., Veerappan, V., Tadege, M., and Allen, R. D.
(2020). HSI2/VAL1 and HSL1/VAL2 function redundantly to repress DOG1
expression in Arabidopsis seeds and seedlings. New Phytol. 227, 840–856.
doi: 10.1111/nph.16559

Deleris, A., Stroud, H., Bernatavichute, Y., Johnson, E., Klein, G., Schubert, D., et al.
(2012). Loss of the DNA methyltransferase MET1 Induces H3K9 hypermethylation at
PcG target genes and redistribution of H3K27 trimethylation to transposons in
Arabidopsis thaliana. PloS Genet. 8, e1003062. doi: 10.1371/journal.pgen.1003062

Egelhofer, T. A., Minoda, A., Klugman, S., Lee, K., Kolasinska-Zwierz, P., Alekseyenko,
A. A., et al. (2011). An assessment of histone-modification antibody quality. Nat. Struct.
Mol. Biol. 18, 91–93. doi: 10.1038/nsmb.1972

Finch-Savage, W. E., and Footitt, S. (2017). Seed dormancy cycling and the regulation
of dormancy mechanisms to time germination in variable field environments. J. Exp.
Bot. 68, 843–856. doi: 10.1093/jxb/erw477

Footitt, S., Walley, P. G., Lynn, J. R., Hambidge, A. J., Penfield, S., and Finch-Savage, W.
E. (2020). Trait analysis reveals DOG1 determines initial depth of seed dormancy, but
not changes during dormancy cycling that result in seedling emergence timing. New
Phytol. 225, 2035–2047. doi: 10.1111/nph.16081

Foroozani, M., Vandal, M. P., and Smith, A. P. (2021). H3K4 trimethylation dynamics
impact diverse developmental and environmental responses in plants. Planta 253, 4.
doi: 10.1007/s00425-020-03520-0

Freese, N. H., Norris, D. C., and Loraine, A. E. (2016). Integrated genome browser:
visual analytics platform for genomics. Bioinformatics 32, 2089–2095. doi: 10.1093/
bioinformatics/btw069

Ge, S. X., Jung, D., and Yao, R. (2020). ShinyGO: a graphical gene-set enrichment tool
for animals and plants. Bioinformatics 36, 2628–2629. doi: 10.1093/bioinformatics/
btz931

Haider, S., and Farrona, S. (2024). Decoding histone 3 lysine methylation: Insights into
seed germination and flowering. Curr. Opin. Plant Biol. 81, 102598. doi: 10.1016/
j.pbi.2024.102598

Hattori, T., Taft, J. M., Swist, K. M., Luo, H., Witt, H., Slattery, M., et al. (2013).
Recombinant antibodies to histone post-translational modifications. Nat. Methods 10,
992–995. doi: 10.1038/nmeth.2605

Hilhorst, H. W. M. (2008). A critical update on seed dormancy. I. Primary dormancy.
Seed Sci. Res. 5, 61–73. doi: 10.1017/s0960258500002634

Huang da, W., Sherman, B. T., and Lempicki, R. A. (2009). Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4, 44–
57. doi: 10.1038/nprot.2008.211
Frontiers in Plant Science 17
Iwasaki, M., Penfield, S., and Lopez-Molina, L. (2022). Parental and environmental
control of seed dormancy in arabidopsis thaliana. Annu. Rev. Plant Biol. 73, 355–378.
doi: 10.1146/annurev-arplant-102820-090750

Jiao, W. B., and Schneeberger, K. (2020). Chromosome-level assemblies of multiple
Arabidopsis genomes reveal hotspots of rearrangements with altered evolutionary
dynamics. Nat. Commun. 11, 989. doi: 10.1038/s41467-020-14779-y

Kanno, Y., Jikumaru, Y., Hanada, A., Nambara, E., Abrams, S. R., Kamiya, Y., et al.
(2010). Comprehensive hormone profiling in developing Arabidopsis seeds:
examination of the site of ABA biosynthesis, ABA transport and hormone
interactions. Plant Cell Physiol. 51, 1988–2001. doi: 10.1093/pcp/pcq158

Kim, D., Paggi, J. M., Park, C., Bennett, C., and Salzberg, S. L. (2019). Graph-based
genome alignment and genotyping with HISAT2 and HISAT-genotype. Nat.
Biotechnol. 37, 907–915. doi: 10.1038/s41587-019-0201-4

Kinoshita, N., Berr, A., Belin, C., Chappuis, R., Nishizawa, N. K., and Lopez-Molina, L.
(2010). Identification of growth insensitive to ABA3 (gia3), a recessive mutation
affecting ABA Signaling for the control of early post-germination growth in
Arabidopsis thaliana. Plant Cell Physiol. 51, 239–251. doi: 10.1093/pcp/pcp183

Klasfeld, S., Roule, T., and Wagner, D. (2022). Greenscreen: A simple method to
remove artifactual signals and enrich for true peaks in genomic datasets including
ChIP-seq data. Plant Cell 34, 4795–4815. doi: 10.1093/plcell/koac282

Kucera, B., Cohn, M. A., and Leubner-Metzger, G. (2005). Plant hormone interactions
during seed dormancy release and germination. Seed Sci. Res. 15, 281–307.
doi: 10.1079/Ssr2005218

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2.
Nat. Methods 9, 357–359. doi: 10.1038/nmeth.1923

Law, C. W., Chen, Y., Shi, W., and Smyth, G. K. (2014). voom: Precision weights unlock
linear model analysis tools for RNA-seq read counts. Genome Biol. 15, R29.
doi: 10.1186/gb-2014-15-2-r29

Le, H., Simmons, C. H., and Zhong, X. (2025). Functions and mechanisms of histone
modifications in plants. Annu. Rev. Plant Biol. 76, 551–578. doi: 10.1146/annurev-
arplant-083123-070919

Lee, S., Cheng, H., King, K. E., Wang, W., He, Y., Hussain, A., et al. (2002). Gibberellin
regulates Arabidopsis seed germination via RGL2, a GAI/RGA-like gene whose
expression is up-regulated following imbibition. Genes Dev. 16, 646–658.
doi: 10.1101/gad.969002

Lee, J., Shin, S. Y., Lee, S. K., Park, K., Gill, H., Hyun, Y., et al. (2023). Contribution of
RdDM to the ecotype-specific differential methylation on conserved as well as highly
variable regions between Arabidopsis ecotypes. BMC Genomics 24, 36. doi: 10.1186/
s12864-023-09128-4

Li, B. L., and Foley, M. E. (1997). Genetic and molecular control of seed dormancy.
Trends Plant Sci. 2, 384–389. doi: 10.1016/S1360-1385(97)90053-4

Li, Y., Mukherjee, I., Thum, K. E., Tanurdzic, M., Katari, M. S., Obertello, M., et al.
(2015). The histone methyltransferase SDG8 mediates the epigenetic modification of
light and carbon responsive genes in plants. Genome Biol. 16, 79. doi: 10.1186/s13059-
015-0640-2

Lippman, Z., Gendrel, A. V., Black, M., Vaughn, M. W., Dedhia, N., McCombie, W. R.,
et al. (2004). Role of transposable elements in heterochromatin and epigenetic control.
Nature 430, 471–476. doi: 10.1038/nature02651

Liu, R., Holik, A. Z., Su, S., Jansz, N., Chen, K., Leong, H. S., et al. (2015). Why weight?
Modelling sample and observational level variability improves power in RNA-seq
analyses. Nucleic Acids Res. 43, e97. doi: 10.1093/nar/gkv412

Liu, X., and Hou, X. (2018). Antagonistic regulation of ABA and GA in metabolism and
signaling pathways. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00251

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25,
402–408. doi: 10.1006/meth.2001.1262

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. doi: 10.1186/s13059-
014-0550-8

Margueron, R., and Reinberg, D. (2011). The Polycomb complex PRC2 and its mark in
life. Nature 469, 343–349. doi: 10.1038/nature09784

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., et al.
(2010). The Genome Analysis Toolkit: a MapReduce framework for analyzing next-
generation DNA sequencing data. Genome Res. 20, 1297–1303. doi: 10.1101/
gr.107524.110

Meng, L., and Feldman, L. (2010). A rapid TRIzol-based two-step method for DNA-
free RNA extraction from Arabidopsis siliques and dry seeds. Biotechnol. J. 5, 183–186.
doi: 10.1002/biot.200900211

Muller, K., Bouyer, D., Schnittger, A., and Kermode, A. R. (2012). Evolutionarily
conserved histone methylation dynamics during seed life-cycle transitions. PloS One 7,
e51532. doi: 10.1371/journal.pone.0051532
frontiersin.org

https://doi.org/10.1038/cr.2011.22
https://doi.org/10.1038/35065138
https://doi.org/10.1105/tpc.9.7.1055
https://doi.org/10.1111/pce.12084
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1105/tpc.18.00892
https://doi.org/10.1016/j.molcel.2014.05.029
https://doi.org/10.1038/nsmb.2382
https://doi.org/10.1038/nsmb.2382
https://doi.org/10.1105/tpc.109.066845
https://doi.org/10.1104/pp.20.01255
https://doi.org/10.1104/pp.20.01255
https://doi.org/10.1111/nph.16559
https://doi.org/10.1371/journal.pgen.1003062
https://doi.org/10.1038/nsmb.1972
https://doi.org/10.1093/jxb/erw477
https://doi.org/10.1111/nph.16081
https://doi.org/10.1007/s00425-020-03520-0
https://doi.org/10.1093/bioinformatics/btw069
https://doi.org/10.1093/bioinformatics/btw069
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.1016/j.pbi.2024.102598
https://doi.org/10.1016/j.pbi.2024.102598
https://doi.org/10.1038/nmeth.2605
https://doi.org/10.1017/s0960258500002634
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1146/annurev-arplant-102820-090750
https://doi.org/10.1038/s41467-020-14779-y
https://doi.org/10.1093/pcp/pcq158
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1093/pcp/pcp183
https://doi.org/10.1093/plcell/koac282
https://doi.org/10.1079/Ssr2005218
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1186/gb-2014-15-2-r29
https://doi.org/10.1146/annurev-arplant-083123-070919
https://doi.org/10.1146/annurev-arplant-083123-070919
https://doi.org/10.1101/gad.969002
https://doi.org/10.1186/s12864-023-09128-4
https://doi.org/10.1186/s12864-023-09128-4
https://doi.org/10.1016/S1360-1385(97)90053-4
https://doi.org/10.1186/s13059-015-0640-2
https://doi.org/10.1186/s13059-015-0640-2
https://doi.org/10.1038/nature02651
https://doi.org/10.1093/nar/gkv412
https://doi.org/10.3389/fpls.2018.00251
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/nature09784
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1002/biot.200900211
https://doi.org/10.1371/journal.pone.0051532
https://doi.org/10.3389/fpls.2026.1785818
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Yoon et al. 10.3389/fpls.2026.1785818
Naumann, K., Fischer, A., Hofmann, I., Krauss, V., Phalke, S., Irmler, K., et al. (2005).
Pivotal role of AtSUVH2 in heterochromatic histone methylation and gene silencing in
Arabidopsis. EMBO J. 24, 1418–1429. doi: 10.1038/sj.emboj.7600604

Nicetto, D., and Zaret, K. S. (2019). Role of H3K9me3 heterochromatin in cell identity
establishment and maintenance. Curr. Opin. Genet. Dev. 55, 1–10. doi: 10.1016/
j.gde.2019.04.013

Perez, G., Barber, G. P., Benet-Pages, A., Casper, J., Clawson, H., Diekhans, M., et al.
(2025). The UCSC Genome Browser database: 2025 update. Nucleic Acids Res. 53,
D1243–D1249. doi: 10.1093/nar/gkae974

Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T., and Salzberg,
S. L. (2015). StringTie enables improved reconstruction of a transcriptome from RNA-
seq reads. Nat. Biotechnol. 33, 290–295. doi: 10.1038/nbt.3122

Peters, A. H., O’Carroll, D., Scherthan, H., Mechtler, K., Sauer, S., Schofer, C., et al.
(2001). Loss of the Suv39h histone methyltransferases impairs mammalian
heterochromatin and genome stability. Cell 107, 323–337. doi: 10.1016/s0092-8674
(01)00542-6

Piskurewicz, U., Jikumaru, Y., Kinoshita, N., Nambara, E., Kamiya, Y., and Lopez-
Molina, L. (2008). The gibberellic acid signaling repressor RGL2 inhibits Arabidopsis
seed germination by stimulating abscisic acid synthesis and ABI5 activity. Plant Cell 20,
2729–2745. doi: 10.1105/tpc.108.061515

Quinlan, A. R., and Hall, I. M. (2010). BEDTools: a flexible suite of utilities for
comparing genomic features. Bioinformatics 26, 841–842. doi: 10.1093/bioinformatics/
btq033

Ramirez, F., Ryan, D. P., Gruning, B., Bhardwaj, V., Kilpert, F., Richter, A. S., et al.
(2016). deepTools2: a next generation web server for deep-sequencing data analysis.
Nucleic Acids Res. 44, W160–W165. doi: 10.1093/nar/gkw257

Reiser, L., Bakker, E., Subramaniam, S., Chen, X., Sawant, S., Khosa, K., et al. (2024).
The arabidopsis information resource in 2024. Genetics 227, 1-11. doi: 10.1093/
genetics/iyae027

Riso, M., Shah, R. N., Koide, A., Ruthenburg, A. J., Koide, S., and Hattori, T. (2025).
Binding mode-guided development of high-performance antibodies targeting site-
specific posttranslational modifications. Proc. Natl. Acad. Sci. U.S.A. 122, e2411720121.
doi: 10.1073/pnas.2411720121

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/btp616

Roudier, F., Ahmed, I., Berard, C., Sarazin, A., Mary-Huard, T., Cortijo, S., et al. (2011).
Integrative epigenomic mapping defines four main chromatin states in Arabidopsis.
EMBO J. 30, 1928–1938. doi: 10.1038/emboj.2011.103

Roudier, F., Teixeira, F. K., and Colot, V. (2009). Chromatin indexing in Arabidopsis:
an epigenomic tale of tails and more. Trends Genet. 25, 511–517. doi: 10.1016/
j.tig.2009.09.013

Sato, H., Santos-Gonzalez, J., and Kohler, C. (2021). Combinations of maternal-specific
repressive epigenetic marks in the endosperm control seed dormancy. Elife 10, 1-25.
doi: 10.7554/eLife.64593

Sherman, B. T., Hao, M., Qiu, J., Jiao, X., Baseler, M. W., Lane, H. C., et al. (2022).
DAVID: a web server for functional enrichment analysis and functional annotation of
gene lists (2021 update). Nucleic Acids Res. 50, W216–W221. doi: 10.1093/nar/gkac194
Frontiers in Plant Science 18
Smyth, G. K. (2005). limma: Linear Models for Microarray Data. In R. Gentleman, V. J.
Carey, W. Huber, R. A. Irizarry and S. Dudoit, eds.. Bioinformatics and Computational
Biology Solutions Using R and Bioconductor. New York: Springer, 397–420.
doi: 10.1007/0-387-29362-0_23

Tremblay, B. J. M., Santini, C. P., Cheng, Y., Zhang, X., Rosa, S., and Questa, J. I. (2024).
Interplay between coding and non-coding regulation drives the Arabidopsis seed-to-
seedling transition. Nat. Commun. 15, 1724. doi: 10.1038/s41467-024-46082-5

Udugama, M., FT, M. C., Chan, F. L., Tang, M. C., Pickett, H. A., JD, R. M., et al. (2015).
Histone variant H3.3 provides the heterochromatic H3 lysine 9 tri-methylation mark at
telomeres. Nucleic Acids Res. 43, 10227–10237. doi: 10.1093/nar/gkv847

Veiseth, S. V., Rahman, M. A., Yap, K. L., Fischer, A., Egge-Jacobsen, W., Reuter, G.,
et al. (2011). The SUVR4 histone lysine methyltransferase binds ubiquitin and converts
H3K9me1 to H3K9me3 on transposon chromatin in Arabidopsis. PloS Genet. 7,
e1001325. doi: 10.1371/journal.pgen.1001325

Wang, Y., Gu, D., Deng, L., He, C., Zheng, F., and Liu, X. (2023). The histone H3K27
demethylase REF6 is a positive regulator of light-initiated seed germination in
arabidopsis. Cells 12, 1-19. doi: 10.3390/cells12020295

Weitbrecht, K., Muller, K., and Leubner-Metzger, G. (2011). First off the mark: early
seed germination. J. Exp. Bot. 62, 3289–3309. doi: 10.1093/jxb/err030

Wu, T., Hu, E., Xu, S., Chen, M., Guo, P., Dai, Z., et al. (2021). clusterProfiler 4.0: A
universal enrichment tool for interpreting omics data. Innovation (Camb) 2, 100141.
doi: 10.1016/j.xinn.2021.100141

Xu, L., and Jiang, H. (2020). Writing and reading histone H3 lysine 9 methylation in
arabidopsis [Review. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00452

Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R package for
comparing biological themes among gene clusters. OMICS 16, 284–287. doi: 10.1089/
omi.2011.0118

Zhang, X., Bernatavichute, Y. V., Cokus, S., Pellegrini, M., and Jacobsen, S. E. (2009).
Genome-wide analysis of mono-, di- and trimethylation of histone H3 lysine 4 in
Arabidopsis thaliana. Genome Biol. 10, R62. doi: 10.1186/gb-2009-10-6-r62

Zhang, X., Clarenz, O., Cokus, S., Bernatavichute, Y. V., Pellegrini, M., Goodrich, J.,
et al. (2007). Whole-genome analysis of histone H3 lysine 27 trimethylation in
Arabidopsis. PloS Biol. 5, e129. doi: 10.1371/journal.pbio.0050129

Zhang, Y., Liu, T., Meyer, C. A., Eeckhoute, J., Johnson, D. S., Bernstein, B. E., et al.
(2008). Model-based analysis of chIP-seq (MACS). Genome Biol. 9, R137. doi: 10.1186/
gb-2008-9-9-r137

Zhao, M., Yang, S., Liu, X., and Wu, K. (2015). Arabidopsis histone demethylases LDL1
and LDL2 control primary seed dormancy by regulating DELAY OF GERMINATION
1 and ABA signaling-related genes. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00159

Zhao, L., Zhou, Q., He, L., Deng, L., Lozano-Duran, R., Li, G., et al. (2022). DNA
methylation underpins the epigenomic landscape regulating genome transcription in
Arabidopsis. Genome Biol. 23, 197. doi: 10.1186/s13059-022-02768-x

Zhou, V. W., Goren, A., and Bernstein, B. E. (2011). Charting histone modifications
and the functional organization of mammalian genomes. Nat. Rev. Genet. 12, 7–18.
doi: 10.1038/nrg2905

Zhu, A., Greaves, I. K., Dennis, E. S., and Peacock, W. J. (2017). Genome-wide analyses
of four major histone modifications in Arabidopsis hybrids at the germinating seed
stage. BMC Genomics 18, 137. doi: 10.1186/s12864-017-3542-8
frontiersin.org

https://doi.org/10.1038/sj.emboj.7600604
https://doi.org/10.1016/j.gde.2019.04.013
https://doi.org/10.1016/j.gde.2019.04.013
https://doi.org/10.1093/nar/gkae974
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1016/s0092-8674(01)00542-6
https://doi.org/10.1016/s0092-8674(01)00542-6
https://doi.org/10.1105/tpc.108.061515
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/nar/gkw257
https://doi.org/10.1093/genetics/iyae027
https://doi.org/10.1093/genetics/iyae027
https://doi.org/10.1073/pnas.2411720121
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1038/emboj.2011.103
https://doi.org/10.1016/j.tig.2009.09.013
https://doi.org/10.1016/j.tig.2009.09.013
https://doi.org/10.7554/eLife.64593
https://doi.org/10.1093/nar/gkac194
https://doi.org/10.1007/0-387-29362-0_23
https://doi.org/10.1038/s41467-024-46082-5
https://doi.org/10.1093/nar/gkv847
https://doi.org/10.1371/journal.pgen.1001325
https://doi.org/10.3390/cells12020295
https://doi.org/10.1093/jxb/err030
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.3389/fpls.2020.00452
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1186/gb-2009-10-6-r62
https://doi.org/10.1371/journal.pbio.0050129
https://doi.org/10.1186/gb-2008-9-9-r137
https://doi.org/10.1186/gb-2008-9-9-r137
https://doi.org/10.3389/fpls.2015.00159
https://doi.org/10.1186/s13059-022-02768-x
https://doi.org/10.1038/nrg2905
https://doi.org/10.1186/s12864-017-3542-8
https://doi.org/10.3389/fpls.2026.1785818
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Plant-specific function of H3K9me3 as a permissive chromatin mark during Arabidopsis seed germination
	Introduction
	Materials and methods
	Plant materials and growth conditions
	Chromatin immunoprecipitation followed by sequencing and analysis
	RNA sequencing analysis
	Clustering of differentially expressed genes
	Gene ontology analysis and functional clustering
	Deep RNA-seq
	RNA extraction and reverse transcription followed by real-time quantitative PCR analysis
	ChIP assay

	Results and discussion
	Genome-wide profiling of H3K4me3, H3K9me3, and H3K27me3 in dormant, after-ripened, and germination-stimulated seeds
	Combinatorial occurrence of histone methylation marks
	Influence of histone methylation on transcriptional output in FH, AR, and GS seeds
	Dynamics of histone methylation during physiological and developmental transitions in seed states
	Conservation of differential histone methylation and dynamics between Col and Cvi
	Relationship between histone methylation dynamics and transcriptional output during seed-state transitions
	Relationship between histone methylation and transcription initiation during the AR-to-GS transition
	Biological functions of genes enriched with H3K9me3 during germination
	Changes in histone methylation and transcriptional output during air-ripening

	Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


