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SUMMARY

Long non-coding RNAs (lncRNAs), once overlooked as transcriptional byproducts, are now recognized for

their crucial roles in plant growth, development, and stress responses, with increasing focus on their epige-

netic regulation. However, studies investigating epigenomic signals to explore the functions of lncRNAs in

plants remain relatively limited. This study collected a comprehensive dataset of over 160 000 high-quality

lncRNAs from 19 representative plant species and integrated 6715 ChIP-seq, BS-seq, and RNA-seq datasets

to analyze epigenomic patterns at lncRNA loci. Results showed elevated DNA methylation in lncRNA

regions. The highest levels occurred in transposable element-associated lncRNAs. Additionally, activating

histone modifications at lncRNA loci showed tissue specificity, with epigenetic preferences differed from

those at protein-coding gene (PCG) loci. Differential site analysis in epigenetic mutants further highlighted

the selective regulation of lncRNA loci by specific epigenetic factors. To facilitate research, we developed

PERlncDB, a platform that provides species-specific lncRNA browsing, epigenetic annotation, cross-species

conservation analysis, and visualization of epigenomic landscapes. Case studies on MARS and LINC-AP2

emphasized the platform’s utility. Conserved epigenetic mechanisms regulating lncRNAs across species,

exemplified by a syntenic conserved MET1-regulated lncRNA pair in Arabidopsis and tomato, suggested the

stability of regulatory mechanisms underlying lncRNA functions. This work provides critical insights and

resources for understanding plant lncRNA epigenetic regulation.
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INTRODUCTION

Long non-coding RNAs (lncRNAs) are transcripts longer

than 200 nucleotides that lack protein-coding potential.

Most lncRNAs are transcribed by RNA polymerase II, with

a subset in plants being produced by the plant-specific

RNA polymerases Pol IV and Pol V (Mattick et al., 2023).

Based on their genomic locations relative to

protein-coding genes (PCGs), three main types of plant

lncRNAs are primarily studied: intergenic, intronic, and

antisense lncRNAs. Plant lncRNAs are generally shorter,

contain fewer exons (Yu et al., 2019), and often include

highly variable transposable element-derived fragments

(Sigman & Slotkin, 2016). However, lncRNAs exhibit signif-

icant nucleotide divergence at the interspecies level (Wang,

Niu, et al., 2015; Zhou et al., 2022), but their genomic loca-

tions tend to be more conserved, underscoring their func-

tional stability within biological systems (Mattick

et al., 2023). In plants, lncRNAs often show tissue-specific
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expression during particular developmental stages, with

highly conserved lncRNAs being constitutively transcribed,

while low-expression lncRNAs are typically tissue-specific

(Deng et al., 2018). For example, 575 orthologous lncRNA

pairs have been identified in Arabidopsis, whereas fewer

were found in rice and its related species (Deng

et al., 2018). In contrast to mRNAs, lncRNAs are preferen-

tially enriched in certain tissues, demonstrating their func-

tional importance (Cabili et al., 2011; Li et al., 2016; Liu

et al., 2016). This highlights the distinct roles of lncRNAs in

gene regulation, with their conserved genomic locations

and structural features playing crucial roles in their regula-

tory functions across species.

Epigenetics refers to heritable variations caused by

chromosomal changes without altering the DNA sequence.

These variations involve marks like histone modifications,

DNA methylation, chromatin accessibility, and non-coding

RNAs. Among these, histone modifications and DNA meth-

ylation are the two most extensively studied and

well-resourced types (Lu et al., 2018; Niederhuth

et al., 2016; Zhao et al., 2020). Recent studies have shown

that lncRNAs regulate chromatin structure, transcription,

and RNA processing by interacting with DNA, RNA, and

proteins (Statello et al., 2021). Based on their regulatory

interactions with epigenetic modifiers, lncRNAs have been

classified into two categories: those that collaborate with

epigenetic modifiers and those that are controlled by them,

thereby regulating target genes (Yang et al., 2023).

lncRNAs have the ability to interact with histone modifica-

tion enzymes, thereby influencing chromatin structure and

gene expression. For example, MAS recruits WDR5a to

MAF4 genomic region, promoting H3K4me3 deposition

and activating MAF4 expression (Zhao et al., 2018). LAIR

upregulates the expression of the LRK1 by binding to the

histone modification proteins OsMOF and OsWDR5, lead-

ing to the enrichment of H3K4me3 and H4K16ac in the acti-

vated LRK1 genomic region and its non-coding regions

(Wang et al., 2018). In response to phosphate starvation,

lncRNA At4 is directly regulated through H3K9/14 acetyla-

tion mediated by the histone acetyltransferase GCN5

(Wang et al., 2019). In addition, lncRNA expression is influ-

enced by DNA methylation. HOTAIR can guide DNA

methyltransferases (DNMTs) to specific gene loci, leading

to increased gene methylation and subsequent gene

repression (Wen et al., 2024). In rice, mutations in LDMAR

affect DNA methylation at the promoter region of its locus,

suppressing LDMAR expression and ultimately resulting in

photoperiod-sensitive male sterility (Ding et al., 2012).

Studying the interactions between lncRNAs and epigenetic

modifications can provide valuable insights into the func-

tional roles of lncRNAs.

With the rapid advancement of high-throughput

sequencing technologies and the deepening of genomics

research, a large number of lncRNAs have been discovered

in the genomes of plants and animals, though only a small

fraction has been experimentally validated. To better char-

acterize and explore the mysteries of lncRNAs, the integra-

tion of data resources has pushed lncRNA-related research

to a deeper level (Kornienko et al., 2023; Rai et al., 2019;

Zhao et al., 2024). However, compared to research on ani-

mal lncRNAs (Gao, Li, et al., 2021; Gao, Shang, et al., 2021;

Li et al., 2021; Mazurov et al., 2022; Zhao et al., 2016), the

development of data platforms and resources for plant

lncRNAs remains underdeveloped, especially in the utiliza-

tion of epigenetic information. TAIR and RiceLncPedia pro-

vide valuable resources for Arabidopsis and rice lncRNAs,

respectively (Berardini et al., 2015; Zhang et al., 2021), and

others like LncRNAdb, PlantNATsDB, GreeNC, and CANTA-

TAdb cover multiple species and offer sequence and func-

tional annotation (Chen et al., 2012; Di Marsico et al., 2022;

Quek et al., 2015; Szczesniak & Wanowska, 2024). PLncDB

is one of the most comprehensive plant lncRNA databases

offering expression data and some epigenomics data

resources seem to be rather limited (Jin et al., 2021; Yang

et al., 2023). Furthermore, platforms like CARMO, Plant

Regulomics, and ChIP-Hub integrate multi-omics data to

analyze gene functions but fail to address non-coding

regions, particularly lncRNA loci (Fu et al., 2022; Ran

et al., 2020; Wang, Qi, et al., 2015). Thus, there is a clear

need to understand the characteristics of epigenomic infor-

mation at lncRNA loci and to develop a specialized data

platform dedicated to leveraging epigenetic modifications

to discover the functions of plant lncRNAs. Compared to

directly using experimental methods, utilizing data

resources for systematic exploration not only saves time

but also enables large-scale analysis, cross-species com-

parisons, and the identification of regulatory mechanisms

that might be difficult to uncover through traditional exper-

imental approaches alone.

This study focused on utilizing epigenetic modification

information to explore potential functions of plant

lncRNAs. We integrated high-quality lncRNA data from 19

species with large-scale datasets from ChIP-seq, BS-seq,

and RNA-seq to identify specific epigenetic patterns on

lncRNAs. Through genome-wide epigenomic signal analy-

sis, we found that activating histone modification signals

at lncRNA loci exhibit tissue specificity, while different

types of epigenetic modifications at lncRNA loci within the

same tissue display distinct preferences than protein-

coding gene loci. Analysis of differential sites in various

epigenetic modification mutants further indicates that

lncRNA loci tend to be regulated by different epigenetic

modification factors. Additionally, the DNA methylation

levels in lncRNA regions are significantly higher than those

in PCG regions. To further explore the epigenetic regula-

tion of lncRNAs in plants, we developed a specialized plat-

form PERlncDB, which browsing species-specific lncRNA,

searching lncRNA epigenetic annotations, analyzing
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cross-species conservation, visualizing epigenetic land-

scapes, and integrating other bioinformatics tools. Using

two published lncRNAs, MARS and LINC-AP2, as exam-

ples, we presented the richness and accessibility of the

existing data for lncRNA research. Notably, this study

explored the functional mechanisms of a synteny-

conserved lncRNA pair which is regulated by homologous

MET1 in Arabidopsis and tomato, revealing that lncRNAs

could be modulated through conserved epigenetic regula-

tory mechanisms across species. Our research provides

valuable data resources and new insights for the in-depth

exploration of plant lncRNA epigenetic regulation.

RESULTS

Global resources for high-throughput omics data on plant

lncRNAs

To explore the epigenetic regulatory patterns at plant

lncRNA loci, this study primarily collects plant regulomics

data stored in public databases, including ChIP-seq, BS-

seq, and RNA-seq (Figure 1a). Although most datasets

were generated in model organisms such as Arabidopsis

thaliana (Atha, A. thaliana), Oryza sativa (Osat, O. sativa),

and Zea mays (Zmay, Z. mays), high-throughput regulo-

mics experiments are also widely applied to non-model

plants (Table S1). We manually curated all datasets by

reviewing original publications and biological projects,

covering genomic data from 19 species (25 Gb). Through

literature review and global searches, a total of 6715 omics

datasets were obtained, including 1826 BS-seq sample

datasets (9 Tb), 4244 ChIP-seq sample datasets (19 Tb),

and 646 RNA-seq sample datasets (2.7 Tb), with a total

data volume of approximately 31 TB (Figure 1b). The

ChIP-seq datasets included 1613 related to transcription

factors (TFs), 1413 related to histone methylation, 590

related to histone acetylation, and the remaining 628 data-

sets related to histone variants and other modifications

(Figure 1b). As well, RNA-seq data primarily focus on data-

sets collected under mutant or stress conditions.

LncRNA data for these species were downloaded from

public databases, filtered, and screened using standardized

criteria, resulting in over 160 000 high-quality lncRNA

entries. When categorizing lncRNAs based on their loca-

tion relative to protein-coding genes (PCGs) (Figure 1c), we

found that a significant proportion of lncRNAs are located

in intergenic regions, with over 75% in crops like soybean,

maize, and wheat. Approximately 30% of the lncRNAs were

of antisense type, while only 2–3% were intronic. Notably,

in rice and Arabidopsis, more than half of the lncRNAs

were antisense, possibly due to the higher gene density in

their genomes.

Additionally, this study identified a total of 21,486,313

histone modification regions, 10,688,976 methylation sites,

and 473,144 transcription factor binding sites associated

with lncRNAs (Figure 1d). Among these sites, A. thaliana

exhibited the highest number of annotated data types, fol-

lowed by species such as rice, maize, and soybean. These

multiple epigenetic marks distributed in the non-coding

regions could provide valuable insights into lncRNA tran-

scription and their functions.

Characteristics of histone modifications at lncRNA loci

across plant species

We initially monitored histone modification marks at

lncRNA loci and found that most lncRNAs could be anno-

tated with histone modification marks. Among the col-

lected samples such as A. thaliana, soybean, rice, and

maize, approximately 90% of the lncRNAs exhibited a

broad range of histone modification types, particularly

focused on H3 histone modifications (Figure 2a, Figure S1).

In contrast, fewer lncRNAs were annotated in apple and

peach species, possibly due to the limited samples. To

mediate the complex gene expression patterns in an

organism, chromatin needs to undergo dynamic transi-

tions between euchromatin (transcriptionally active) and

heterochromatin (silenced state). During gene transcription

regulation, methylation of the H3 histone at K4 and K36

sites is typically associated with transcriptional activation,

while H3K9 and H3K27 modifications are thought to be

related to transcriptional repression (Xu et al., 2008; Zhao

et al., 2019). Additionally, histone acetylation modifications

are more widespread than methylation modifications and

are generally associated with gene transcriptional activa-

tion (Liu et al., 2014). Therefore, further analysis focused

on the relationship between lncRNA transcription and his-

tone modification levels. Using Arabidopsis leaves as an

example, we found that the distribution of histone modifi-

cation levels at PCG loci was similar to those described in

previously published plant epigenomes (Lu et al., 2019)

(Figure 2b), confirming the reliability of our data proces-

sing methods.

To systematically capture histone modification signals

on a genome-wide scale, over 20 histone modifications

and histone variants were analyzed using ChIP-seq sam-

ples in Arabidopsis. Most histone mark peaks in various

tissues were enriched at PCG loci (Figure S2a,b). However,

8–75% functionally distinct regions associated with gene

repression were located with lncRNA loci. As shown in

Figure S2c, compared to activating marks, lncRNA loci

exhibit significantly higher repressive histone marks

enrichment, like H3K9me1, H3K9me2, H3K27me1, and

H3K27me3. While only about 20% of the histone modifica-

tion peaks were enriched on lncRNAs within each sample,

a cumulative analysis of all samples revealed that almost

all lncRNAs were annotated, indicating that lncRNAs may

exhibit specificity under certain modifications and tissue

conditions. Since the genomic positions of antisense

lncRNAs and intronic lncRNAs overlap with PCGs, these
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two types of lncRNAs may co-express with PCGs due to

shared histone marking regulations. To minimize signal

interference from PCG regions, we categorized the

extracted lincRNAs into: (i) PCG-proximal lincRNAs (PCG-

lincRNAs) and (ii) distal intergenic lincRNAs (DS-lincRNAs),

based on their distance from adjacent genes (see Methods

section for details). We identified 13,846 DS-lincRNAs

across representative crop species, such as A. thaliana,

rice, cucumber, soybean, cotton, tomato, and maize, which

accounted for 50.0–70.8% of the total lincRNAs. Then, we

compared the distribution of various histone marks in

lncRNA and PCG regions across different tissues. As

shown in Figure 2c, the percentage of DS-lincRNAs

enriched with a single modification type (44.3–65%) was

significantly higher than that of PCGs (21.6–35.9%), indicat-

ing that lncRNAs exhibit greater specificity in histone mark

occupancy. Furthermore, when exploring lncRNAs

enriched with the same modification type across different

tissues and growth stages, we observed that lncRNAs

marked by repressive histone modifications (H3K4me1,

H3K27me3, and H3K9me2) tended to display stronger tis-

sue specificity compared to those occupied by active marks

(H3K4me3 and H3K36me3) (Figure 2d). This finding

suggests that repressive histone modifications may play

an important role in the tissue-specific expression of

lncRNAs.

Although the above analysis demonstrates that vari-

ous histone modification sites are widely distributed

across lncRNA loci in all wild-type samples, we aimed to

explore the factors influencing these modifications at

lncRNA loci. We investigated 135 mutant- and 84

stress-responsive samples from A. thaliana, which had the

most extensive sample collection, and quantified the num-

ber of lncRNA loci with significantly altered modification

levels in these samples. We found that almost all lncRNAs

and PCGs were annotated in at least one stress or mutant

sample (Figure 2e). However, when analyzing the fre-

quency of lncRNAs and PCGs annotated to differential his-

tone modification regions and correlating this with sample

size, we found that lncRNAs were more likely to appear in

the altered signal regions under fewer mutant or stress

conditions compared to PCGs (Figure 2f,g). This suggests

that lncRNAs may be more selectively regulated by the his-

tone modifiers than PCGs.

DNA methylation patterns and the role of transposable

elements in lncRNA

In addition to histone modifications, DNA methylation is

another common epigenetic modification signal. In plants,

DNA methylation primarily occurs at three types of sites:

the symmetric CG and CHG sites and the asymmetric CHH

sites (where H represents C, T, or A) (Law & Jacob-

sen, 2010). Figure S3 summarizes the average DNA methyl-

ation levels in leaf tissues across 15 plant species. In most

species, lncRNAs exhibited higher methylation levels in

the gene body region compared to the flanking regions

(Figure S3). The whole content revealed that the methyla-

tion patterns of lncRNAs are similar to those of PCGs (Zhao

et al., 2021), with higher levels of methylation at CG and

CHG sites, while methylation at CHH sites remains rela-

tively low. Additionally, CG methylation was 30-biased in

PCGs, whereas lncRNAs maintained relatively uniform CG

methylation. Although lncRNAs share core methylation

mechanisms with PCGs, they possess distinct epigenetic

regulatory features. Transposable elements (TEs) can

move within an organism’s genome through transposition

or retro-transposition, and DNA methylation is considered

a heritable epigenetic modification that silences TEs (Law

& Jacobsen, 2010; Lei et al., 2015; Zhang et al., 2018). It

also plays a role in maintaining genome stability and regu-

lating gene expression. TEs can induce chromatin modifi-

cations near genes, thereby influencing their expression

under specific conditions (Hirsch & Springer, 2017). Given

the high frequency of genomic overlap between lncRNAs

and TEs (Ariel & Manavella, 2021), we categorized

lncRNAs into TE-related and non-TE lncRNAs and exam-

ined their DNA methylation levels in three species (Arabi-

dopsis, tomato, and maize) that differ in genome size and

TE content. Our statistical analysis revealed that 25–33% of

lncRNAs are TE-related. Notably, lncRNAs exhibited signifi-

cantly higher methylation levels compared to PCGs across

all three species, as shown in Figure 3a, with TE-related

lncRNAs showing the highest methylation levels in all

methylation contexts. This may be associated with tran-

scriptional silencing of these elements.

Based on the expression levels of lincRNAs and PCGs in

leaves, we categorized them into three groups: high expres-

sion, low expression, and non-expression. By examining the

Figure 1. Workflow and key statistics of plant lncRNAs associated with epigenomic features.

(a) Plant lncRNAs and epigenomic datasets’ analysis pipeline. Some components of histone modification (ii) chromatin model, transcription factor (i) TFBSs

model and DNA methylation (iii) DNA model were derived from GDP (https://BioGDP.com).

(b) Statistics of high-throughput omics data sources (center), including classification of BS-seq samples (top) and ChIP-seq samples (bottom).

(c) Statistics of three types of lncRNAs based on their genomic locations in plants.

(d) Statistics of histone modification peaks and DNA methylation sites associated with lncRNAs. lncRNA-HMPs, histone modification peaks associated with

lncRNAs; lncRNA-DMSs, DNA methylation sites associated with lncRNAs.

Alyr, Arabidopsis lyrata; Atha, Arabidopsis thaliana; Bnap, Brassica napus; Brap, Brassica rapa; Ccle, Citrus clementina; Csat, Cucumis sativus; Csin, Citrus sinen-

sis; Esal, Eutrema salsugineum; Fves, Fragaria vesca; Gbar, Gossypium barbadense; Gmax, Glycine max; Grai, Gossypium raimondii; Mdom, Malus domestica;

Osat, Oryza sativa; Pper, Prunus persica; Slyc, Solanum lycopersicum; Stub, Solanum tuberosum; Taes, Triticum aestivum; Zmay, Zea mays.
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distribution of DNA methylation levels across the whole

genome, it was found that non-expressed lncRNAs exhibit

higher methylation levels in the gene body region compared

to expressed lncRNAs (Figure 3b). Due to the low proportion

of expressed lncRNAs (39.1%) in Arabidopsis, the distribution

of methylation levels was not smooth.
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Additionally, we analyzed classic DNA methylation

mutant datasets to investigate their impact on lncRNAs

and PCGs. Statistical analysis revealed that the MET1 dele-

tion mutant (met1), which is responsible for maintaining

DNA methylation (Zhao et al., 2022), exhibited more signif-

icant changes in both lncRNAs and PCGs compared to

mutants lacking other methylation-maintaining genes

(Figure 3c). This finding further supports the idea that CG

methylation at lncRNA loci, like at PCG loci, is generally

higher than other types of methylation in plants. Moreover,

RNA-dependent RNA polymerase 2 (RDR2) is an essential

component of the RNA-directed DNA methylation (RdDM)

silencing pathway (Du, 2024). In rdr2 mutants, the propor-

tion of methylation-associated lncRNAs showed the most

significant differences in rice and Arabidopsis, indicating

species-specific variations for lncRNA loci (Figure 3c).

Comprehensive functional features of PERlncDB

To facilitate the presentation of our analysis data and pro-

vide a user-friendly visual query interface for researchers,

we developed the PERlncDB database website

(http://perlncdb.liu-lab.com/). This platform offers detailed

information and visualizations for lncRNA-related TEs, TFs,

histone modifications, and DNA methylation across 19 rep-

resentative plant species (Figure 4a). Additionally, it pro-

vides insights into the differential epigenetic landscapes of

lncRNAs under various mutant or stress conditions. The

platform comprises key modules, including “Browse,”

“Search,” “Cross-species Analysis,” “Dynamics,” “Visuali-

zation,” and “Tools.” On the homepage, a navigation bar

links to six modules, with quick search options for Histone

Modification, DNA Methylation, and TFs search function. It

also features a global lncRNA ID search function and links

to detailed pages for each species.

The “Browse” module presents comprehensive geno-

mic information for each species, including reference

genome versions, genome sizes, the number of lncRNAs,

and data sources (Figure 4b). It also provides a browsing

interface for species-specific lncRNAs, displaying basic

details along with annotations for TEs, TFs, histone modifi-

cations, and DNA methylation. By clicking on individual

lncRNA IDs, users can access detailed pages that include

sections such as Basic Information, Transcripts, TEs, TFs,

Histone Modifications, and DNA Methylation. Utilizing the

detailed genomic and epigenomic information for each

lncRNA, the “Search” module offers several search options

to retrieve specific lncRNA data, thereby enhancing the

platform’s accessibility and functionality. The module

includes four search options: (i) direct search by lncRNA

ID, (ii) search by TFs, (iii) search by DNA methylation-

associated genomic regions, and (iv) search by histone

modification-associated genomic regions. Each search

returns detailed information about the corresponding

lncRNA (Figure 4c).

The “Cross-species Analysis” module enables the

identification and exploration of synteny-conserved

lncRNAs, lncRNA synteny scan, and correlation analysis

of epigenetic features (Figure 4d). Previous studies have

shown that the positional conservation of lncRNAs on the

genome is significantly higher than their sequence con-

servation (Wang, Niu, et al., 2015; Zhou et al., 2022).

Therefore, we delineated syntenic blocks across the

genome and predicted a total of 80,308 synteny-

conserved lncRNAs (Figure S4). Among the 19 species,

the proportion of syntenically conserved lncRNAs ranged

from 20.0% to 67.4%, with the highest proportion

observed in Gossypium raimondii and relatively fewer

conserved lncRNAs in Cucumis sativus (Figure S4).

Although the proportion of syntenically conserved

lncRNAs varies across species from different families, it

tends to be more consistent or closely related within the

same family. This suggests that lncRNAs exhibit a high

degree of positional conservation, especially at the family

level. We have integrated an additional layer of analysis

by implementing sequence conservation evaluation for

each candidate lncRNA pair. This analysis is performed

within the “Synteny-conserved LncRNA Prediction” mod-

ule, enabling users to assess candidates based on their

sequence characteristics. In addition to querying synteni-

cally conserved lncRNA pairs across species, this module

allows users to automatically calculate the correlation of

epigenomic signal levels between lncRNA pairs across

different samples, enabling the exploration of epigenetic

regulatory mechanisms of lncRNAs across species.

Besides, “Dynamics” module provides differential

analysis data for epigenetic modification signals under

mutant or stress conditions, with detailed information pro-

vided in Figure 4e. Data can be retrieved by selecting the

Figure 2. Statistics of histone modifications on lncRNAs and protein-coding genes (PCGs).

(a) Proportions of lncRNAs and PCGs occupied by 10 common histone modification marks across six plant species.

(b) Distribution of 10 common histone modification peaks on lncRNAs and PCGs’ region in Arabidopsis leaf samples.

(c) Percentage of distal intergenic lincRNAs (DS-lincRNAs) and PCGs annotated by different histone modification markers in Arabidopsis leaf, flower, and root

samples.

(d) Percentage of DS-lincRNAs and PCGs in different tissues occupied by H3K4me3, H3K36me3, H3K4me1, H3K27me3, and H3K9me2, respectively.

(e) Percentage of lncRNAs and PCGs with significantly changed histone modification enrichment in mutant- and stress-related samples.

(f, g) Frequency distribution characteristics of lncRNAs and PCGs with significantly changed histone modification in mutant (f) and stress-related samples (g).

Stacked bar plots (left) represent the percentage of two gene types in distinct sample coverage ranges. Boxplots (right) display the comparison of frequencies

between gene types based on the Wilcoxon test (***P < 0.001).
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Figure 3. Statistics of DNA methylation level on lncRNAs and PCGs.

(a) DNA methylation levels of four gene types in Arabidopsis, tomato, and maize. The gene types include PCGs (blue), lncRNAs (red), transposable element-

associated lncRNA (TE-lncRNAs) (green), and non-TE lncRNAs (purple).

(b) DNA methylation levels of lncRNAs (solid) and PCGs (dashed) grouped by gene expression levels in Arabidopsis, tomato, and maize leaves.

(c) Proportions of lncRNAs (dark) and PCGs (light) with DMRs in five classic DNA methylation-related mutants from Arabidopsis and rice.

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 124, e70591

8 of 20 Yan Li et al.

 1365313x, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.70591 by X

ishuangbanna T
ropical B

otanical G
arden, W

iley O
nline L

ibrary on [25/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



species of interest, modification type, and sample details.

Moreover, this module offers access to differential epige-

netic regions, analysis results, and sample information,

facilitating a comprehensive understanding of epigenetic

changes.

Additionally, to enhance the visualization and presen-

tation of data resources on the website, the database inte-

grates multiple bioinformatics tools to optimize the data

analysis experience. In the “Visualization” module, the

platform allows users to explore epigenetic landscapes by

selecting the desired species, modification types, and sam-

ple tracks (Figure 4f). Moreover, the “Tools” module pri-

marily offers the BLAST alignment and “Auto Annotation”

tool. BLAST provides sequence alignment information

across multiple species, while “Auto Annotation” delivers

detailed information on all differentially epigenetic regions

analyzed in this study. Species, samples, tissues, specific

lncRNA regions, or other genomic regions of interest can

be submitted to examine the modification levels in the tar-

geted areas. The platform also includes a “Download” sec-

tion where related data and resources can be accessed.

To comprehensively demonstrate the core advantages

of PERlncDB, we conducted a systematic comparative anal-

ysis with six mainstream plant lncRNA platforms. Through

a comprehensive evaluation of 16 metrics across four key

dimensions: species coverage, lncRNA annotation scale,

epigenetic features, and functional modules. PERlncDB cur-

rently provides the most comprehensive epigenetic charac-

terization with 163,609 lncRNA entries spanning 19 plant

species (Table 1). It also offers specialized functions: (i) dif-

ferential epigenetic mark analysis; (ii) transposable

element-associated lncRNA (TE-lncRNA) annotation; (iii)

synteny-conserved lncRNA analysis; and (iv) auto-

annotation tools, features that establish its unparalleled

status among existing plant lncRNA resources.

In summary, PERlncDB provides a powerful and intui-

tive interface for exploring and analyzing lncRNAs, signifi-

cantly enhancing the research experience and supporting

advanced studies in plant epigenomics.

Epigenetic regulation of two reported lncRNAs in

PERlncDB

To illustrate the wealth of data available and its accessibility

for lncRNA research, we used two previously published

lncRNAs as examples to explore their detailed information

in our database. In the previous studies, MARS was shown

to regulate the local epigenetic activation of its surrounding

region in response to abscisic acid (ABA) by modulating the

dose-dependent binding of LHP1, which subsequently acti-

vated H3K27me3 deposition and chromatin condensation

(Roule et al., 2022). In the Visualization module, through

clicking the “H3K27me3_seedling”-related samples and set-

ting the positional range of MARS, we observed enriched

LHP1 binding signals at the MARS locus and its adjacent

regions, along with the distribution of H3K27me3 in both

wild-type and lhp1 mutant samples (Figure 5a), which are

consistent with the previous report (Roule et al., 2022; Velu-

chamy et al., 2016). Additionally, several ABA-related TFs

from five gene families collected in PERlncDB showed clear

binding signals at the MARS locus (Figure S5), replicating

the ABA-responsive binding motifs found at the MARS

locus (Roule et al., 2022; Song et al., 2016). Further con-

served synteny-lncRNA prediction for MARS in the Brassi-

caceae family (Figure 5b) implied that the positionally

conserved lncRNAs in Arabidopsis lyrate (A. lyrate) may

function similar to MARS. The analysis of the correlation

between epigenetic modification signals at MARS and its

syntenic conserved lncRNA in A. lyrate revealed a signifi-

cant correlation in H3K27me3 modification level at both

upstream and downstream regions in wild-type samples

(Figure 5c). Additionally, we sought to determine whether

MARS transcription is influenced by altered epigenetic

modifications. By mining the comprehensive data

resources in PERlncDB, we observed that the CG methyla-

tion levels at the MARS locus were significantly reduced in

ddm1 mutants compared to wild-type plants, accompanied

by the upregulation of MARS transcription (Figure 5d,

Figure S6a). To further investigate the potential link

between DNA methylation regulation and ABA

stress response, we integrated and analyzed two indepen-

dent transcriptome datasets under ABA treatment

(PRJNA274888 and PRJNA389285). Differential expression

analysis revealed that DDM1 expression was significantly

downregulated upon ABA treatment (Figure 5e). Based on

these findings, we hypothesize that ABA stress signals may

suppress DDM1 expression, leading to reduced DNA meth-

ylation at the MARS locus and consequently activating its

expression. This discovery uncovers the complexity of epi-

genetic regulation in ABA signaling and suggests a poten-

tial cooperative mechanism between DNA methylation and

H3K27me3 in modulating MARS-mediated ABA responses.

The other lncRNA, LINC-AP2, can suppress the expres-

sion of its downstream target gene AP2 under TCV virus

infection, leading to abnormalities in floral organs (Gao

et al., 2016). Due to its similar phenotype to certain Arabi-

dopsis mutants of RNA-dependent RNA polymerase 6

(rdr6), gene silencing suppressor 3 (sgs3), and Dicer-like 4

(dcl4), it was hypothesized that LINC-AP2 might be associ-

ated with DNA methylation (Gao et al., 2016). To explore

this further, we examined the expression patterns of LINC-

AP2 in these three mutants and observed significant alter-

ations in CHH methylation levels (Figure 5f; Figure S6),

suggesting that RDR6, SGS3, and DCL4 are likely regulated

the methylation modification at LINC-AP2 locus. Further-

more, our analysis of the PERlncDB revealed a significant

enrichment of the transcription factor ARF3/ETT at the

LINC-AP2 locus (Figure 5g). Given that ett loss-of-function

mutants have been previously reported to exhibit severe

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 124, e70591

Epigenetic regulatory landscapes of plant lncRNAs 9 of 20

 1365313x, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.70591 by X

ishuangbanna T
ropical B

otanical G
arden, W

iley O
nline L

ibrary on [25/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 124, e70591

10 of 20 Yan Li et al.

 1365313x, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.70591 by X

ishuangbanna T
ropical B

otanical G
arden, W

iley O
nline L

ibrary on [25/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



floral developmental defects (Simonini et al., 2017), we fur-

ther performed transcriptomic analysis and found that

LINC-AP2 expression was significantly upregulated in ett

mutants compared to the wild type (Figure 5g, Figure S6b),

indicating that ETT acts as a transcriptional repressor of

LINC-AP2. Based on these findings, we propose that during

floral development, LINC-AP2 is likely regulated by distinct

epigenetic mechanisms: DNA methylation-mediated chro-

matin state changes and ETT-dependent transcriptional

repression. Thus, by leveraging the large-scale datasets in

PERlncDB, researchers can investigate the dynamics of

lncRNA epigenomic signals to infer their potential

functions.

Identification of lncRNA pairs with conserved epigenetic

regulatory mechanisms across species

The poor sequence conservation and diverse functional

roles of lncRNAs present significant challenges in studying

Table 1 Comparison of PERlncDB with other published plant lncRNA databases

Data item PERlncDB PLncDB V2.0 GREENC v2 CANTATAdb 2.0 PNRD EVLncRNAs 3.0 NONCODEV6

Plant species 19 species 80 species 94 species 39 species 150 species 64 species 23 species
ChIP-seq libraries 4244 456 NA NA 34 NA NA
BS-seq libraries 1826 NA NA NA NA NA NA
RNA-seq libraries 645 13 836 NA 328 NA NA 38 (plant)
LncRNA entries 163 609 1 246 372 495 000 239 631 5573 578 94 697 (plant)
Experimentally identified
lncRNAs

√ √ NA NA Partial √ NA

Genomic annotation √ √ √ √ √ √ √
Expression √ √ NA √ NA √ √
Histone modification peaks
annotation

√ √ NA NA NA NA NA

DNA methylation
annotation

√ √ NA NA NA NA NA

Transcription factor binding
sites annotation

√ NA NA NA NA NA NA

TE-lncRNAs √ NA √ NA NA NA NA
Differential epigenetic
marks analysis

√ NA NA NA NA NA NA

Auto-annotation tools √ NA NA NA NA NA NA
Synteny-conserved lncRNA
analysis

√ NA NA NA NA NA NA

Accessible √ √ √ √ √ √ √
Reference (PMID) This study 33 079 992 34 723 326 30 945 201 25 398 903 37 953 349 33 196 801

The statistics in NONCODEv6 are mainly focus on plant species. Plant species: Total number of plant species covered. Library scale: Number
of integrated datasets (ChIP-seq for histone modifications/TF binding; BS-seq for DNA methylation; RNA-seq for lncRNA expression).
LncRNA entries: Total number of cataloged lncRNAs. Experimentally identified: LncRNAs functionally validated by experiments. Genomic
annotation: Basic genomic information for lncRNAs. Expression profile: Quantitative expression data. Epigenetic annotation: Annotations
for histone modification peaks, DNA methylation levels (CG/CHG/CHH), and transcription factor binding sites at lncRNA loci. TE-lncRNAs:
LncRNAs derived from transposable elements. Differential epigenetic marks analysis: Pre-computed results for comparing epigenetic marks
across conditions. Auto-annotation tools: Online tools for automated epigenetic annotation of user-submitted lncRNA data. Synteny-
conserved lncRNAs: Identification of conserved lncRNAs via genomic synteny. Accessible: Website functionality and data availability during
the assessment. Reference (PMID): PubMed ID of the primary publication. Symbols: “√” indicates that the feature is provided; “NA” indi-
cates not available or no evidence found.

Figure 4. Overview and functional demonstrations of PERlncDB modules and features.

(a) Details of functional modules and data resources in PERlncDB. lncRNA-DHRs, differential histone modification regions associated with lncRNAs; lncRNA-

DMRs, differential DNA methylation regions with lncRNAs. The plant icons were derived from GDP (https://BioGDP.com).

(b) “Browse” module—an example of Arabidopsis lncRNAs browse, including genomic location, epigenomic future and detailed information with link.

(c) Demonstration of four items of “Search” functions, including “Search lncRNAs by ID,” “Search Transcription Factor and associated lncRNAs by Genomic

Region,” “Search Histone Modification and associated lncRNAs by Genomic Region,” and “Search DNA Methylation and associated lncRNAs by Genomic

Region.”

(d) “Cross-Species Analysis” module—an example using lncRNA pairs from Arabidopsis and Arabidopsis lyrate, featuring synteny scan and visualization of epi-

genetic modification level correlation.

(e) “Dynamics” module demonstration—an example using Arabidopsis lncRNAs detailed changes in histone modification enrichment.

(f) “Visualization” module—an example using Arabidopsis with omics data tracks, including gene annotation, histone modification enrichment, DNA methyla-

tion sites, TF binding sites, and gene expression level.
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their functions, especially across species. A recent study

revealed that, despite the lack of sequence homology

between human UPAT and Arabidopsis APOLO, UPAT can

exert similar regulatory functions as APOLO in plants,

highlighting the conservation of lncRNAs across species

and the similarity of their epigenetic mechanisms between

plants and animals (Fonouni-Farde et al., 2022). In this

study, we sought to explore how to identify lncRNA pairs

with conserved epigenetic regulatory mechanisms using

PERlncDB. Excluding sequence factors, we focused on

synteny-conserved lncRNA pairs from different species

and investigated whether they could be regulated by

homology proteins. Ultimately, our research centered on

lncRNAs from Arabidopsis and tomato.

In both tomato and Arabidopsis, studies on MET1

highlight its functional conservation, as it affects gene

expression by increasing DNA methylation levels (He

et al., 2022; Mathieu et al., 2007; Yang et al., 2019). By

retrieving differentially methylated regions (DMRs) of

met1, 6127 and 55,471 lncRNAs were annotated in A. thali-

ana and Solanum lycopersicum (S. lycopersicum), respec-

tively. In the Arabidopsis met1 sample, 423 lncRNAs

showed increased methylation levels, while 950

lncRNAs exhibited decreased methylation levels

(Figure 6a). In the tomato met1 sample, 5322 lncRNAs dis-

played increased methylation levels, whereas 4793 showed

decreased levels (Figure 6b). Quantitative and differential

expression analyses of lncRNAs revealed that 32 and 94

lncRNAs were highly expressed in the met1 mutants of A.

thaliana and S. lycopersicum, respectively (Figure 6a,b).

Consequently, we identified 31 and 73 lncRNAs in A. thali-

ana and S. lycopersicum, respectively, as potential targets

regulated by MET1.

To further investigate the positional conservation of

lncRNAs between the two species, we identified that 11

lncRNAs in A. thaliana and 7 in S. lycopersicum were posi-

tionally conserved using the “LncRNA Microsynteny Scan”

module. Among them, MSTRG.2210.1 from Arabidopsis

and MSTRG.2095.1 from tomato caught our attention.

These two lncRNAs exhibited syntenic conservation

(Figure 6c), yet their sequences were highly divergent

(Figure 6d). Sequence feature and secondary structure pre-

dictions revealed that their local structures are similar

(Figure 6e, Figure S7). The DMRs were identified at both

the MSTRG.2210.1 and MSTRG.2095.1 loci, showing a sig-

nificant decrease in DNA methylation levels in the met1

mutant compared to the wild type, with a reduction of

63.7% (DMR1) and 42.3% (DMR2), respectively (Figure 6f).

This consistent dynamics of DNA methylation levels in

met1 mutant of both A. thaliana and S. lycopersicum

represented that this lncRNA pair was influenced by MET1.

Through further synteny analysis, we identified 16 lncRNAs

across three families (Rosaceae, Juglandaceae, Malvaceae)

that exhibit syntenic relationships with both Arabidopsis

MSTRG.2210.1 and tomato MSTRG.2095.1 (Figure 6g),

which implies these two lncRNAs retain a stable position

relationship. A previous study has demonstrated that PCGs

exhibiting body methylation changes evolve more slowly

and often possess crucial biological functions (Takuno &

Gaut, 2012). For lncRNAs, beyond sequence conservation,

the remarkable synteny conservation associated with epi-

genetic regulator may provide an excellent perspective for

investigating functional conservation across species.

FUTURE PERSPECTIVES

Considering the strong tissue specificity of lncRNAs and

the variability in quantity and quality of RNA-seq datasets

used for their identification, lncRNAs identified in the same

species may exhibit significant discrepancies across differ-

ent studies (Chen & Zhu, 2022; Palos et al., 2022; Waseem

et al., 2020). It is essential to consider how our data plat-

form can provide extended epigenetic information for

lncRNAs that have not yet been cataloged, as the current

databases (PLncDB, CANTATAdb, and GreeNC) typically

offer fixed epigenomic information for a predefined set of

lncRNAs without accounting for this limitation. To address

this issue, we have introduced an “Auto Annotation” tool

that allows researchers to explore modification signal char-

acteristics of lncRNAs that are not collected in our

PERlncDB platform, helping to bridge data gaps. Moreover,

Figure 5. Epigenetic regulation information for two reported lncRNAs in PERlncDB.

(a) Occupancy of LHP1 and the H3K27me3 modification levels at the MARS locus. The red line under each track represents the statistically significant peaks.

(b) Statistical analysis of the lncRNAs showing syntenic conservation of MARS across four Brassicaceae species.

(c) The strongest correlation of epigenetic modification signal between MARS and its synteny-conserved lncRNA in Arabidopsis lyrata. Red indicates the degree

of positive correlation, while blue represents negative correlation. The dashed line marks the correlation threshold corresponding to a significance level of 0.05.

Correlation values exceeding the absolute value of this threshold suggest a more reliable level of correlation in the epigenetic modifications of the two lncRNAs

in the given sample.

(d) CG DNA methylation and expression pattern of MARS in Arabidopsis seedlings across ddm1 mutant and wild-type sample. Compared with wild type, the

DNA methylation levels in DMRs reduce by 16.5% for DMR1 and 12.7% for DMR2 in ddm1 mutant.

(e) Normalized expression levels of DDM1 under ABA treatment versus control conditions in two public projects.

(f) CHH DNA methylation levels at the LINC-AP2 locus and its adjacent regions in three different mutants, including rdr6, dcl4, and sgs3. Compared with wild

type, the DNA methylation levels in DMRs reduce by 3.7% for DMR1 and 17.4% for DMR2 in rdr2 mutant, 7.9% for DMR3 and 7.4% for DMR4 in dcl4 mutant, and

8.5% for DMR5 in sgs3 mutant. Red lines represent methylation sites on the sense strand, and green lines on the antisense strand.

(g) ETT binding characteristics at the LINC-AP2 locus and expression analysis of LINC-AP2 in ett mutant and wild-type sample.
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compared to previous study, lncRNA loci exhibit greater

histone modification specificity and tissue specificity

(Figure 2c,d) (Chow et al., 2022), suggesting that the

abundant epigenomic data resources collected in

PERlncDB are highly valuable for precisely capturing the

epigenetic modification states of lncRNAs under specific

� 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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conditions. Such insights facilitate a better understanding

of lncRNA transcription and provide deeper insights into

their functions. Furthermore, tools like “Auto Annotation,”

which can automatically retrieve functional annotations for

lncRNAs, remain largely underdeveloped. This indicates

that future data platforms for functional annotation of

lncRNAs should place greater emphasis on integrating

such tools, rather than solely focusing on updating the

information of cataloged lncRNAs.

With the rapid development of high-throughput

sequencing technologies, the exploration of lncRNA regu-

latory functions and the improvement of data platforms

remain expansive research frontiers. Epigenetic modifica-

tions, such as DNA methylation, histone modifications,

RNA modifications, open chromatin regions, and 3D

genome structures, represent diverse and critical

resources for understanding gene regulation (He

et al., 2021; Liang et al., 2020; Zhang & Zhu, 2025). Cur-

rently, our research mainly focuses on the two most exten-

sively studied epigenetic features—DNA methylation and

histone modifications. In plants, several lncRNAs with

well-defined functions, such as APOLO and LAIR, have

been shown to interact with multiple epigenetic modifica-

tions in their regulatory roles (Ariel et al., 2020; Wang

et al., 2018). Although PERlncDB has successfully inte-

grated and facilitated the retrieval of lncRNA-related epige-

netic data, the comprehensive crosstalk analysis of

multiple modifications at lncRNA loci still requires

improvement. Therefore, in the future, we plan to expand

our research scope to comprehensively integrate and uti-

lize various epigenetic data resources, enabling a more

comprehensive understanding of the regulatory mecha-

nisms that govern lncRNAs.

In this study, we investigated the conserved mecha-

nisms of a synteny-conserved lncRNA pair in Arabidopsis

and tomato using the data resources of PERlncDB (Fig-

ure 6). Future efforts will focus on expanding the platform

by incorporating more bioinformatics tools and diverse

data resources to better explore the epigenetic features of

conserved lncRNAs across species. We also plan to include

epigenetic variant sites and lncRNAs associated with spe-

cific traits at the population level, thereby enriching the

data support available to researchers. Furthermore, single-

cell epigenomics has the potential to provide new insights

into decoding the gene regulatory landscape (Luo

et al., 2020; Zhang et al., 2024).

In conclusion, exploring lncRNA functions and opti-

mizing data platforms is a long-term and challenging

endeavor. We believe that the continuous integration of

diverse data resources will provide valuable support for

advancing our understanding of lncRNA epigenetic regula-

tion in future research.

MATERIALS AND METHODS

Data acquisition and classification

The genome sequences and gene annotations were downloaded
from public databases (Table S2). Chromatin immunoprecipitation
sequencing (ChIP-seq) and bisulfite sequencing (BS-seq) samples
and projects were retrieved from the National Center for Biotech-
nology Information (NCBI, https://www.ncbi.nlm.nih.gov/) and/or
Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.
gov/geo), ensuring that each dataset was supported by reliable,
published literature. By manually reviewing the literature, we
labeled each dataset with sample information, tissue type, study
factors (e.g., TFs or histone modification marks), biological repli-
cates, and other relevant details. To facilitate the study of regula-
tory characteristics of interest (e.g., TFs, histone modifications,
and DNA methylation) under specific tissues or conditions, we
processed each experiment independently.

The collection of epigenome data (including ChIP-seq and
BS-seq datasets) was primarily conducted through two
approaches: manual collection of raw data by reviewing the litera-
ture and keyword-based searches of public databases such as
NCBI and GEO. The raw sequencing files (in FASTQ format) for
each sample were downloaded from the European Nucleotide
Archive (ENA, https://www.ebi.ac.uk/ena). To ensure data reliabil-
ity, ChIP-seq datasets were selected from experiments containing
“Input” samples.

Integration and classification of plant lncRNAs

Plant lncRNA data and annotation information were mainly
obtained from public databases, including PLncDB (Jin
et al., 2021), EVLncRNAs (Zhou et al., 2019), RNAcentral (Consor-
tium, 2021), and RefSeq (https://www.ncbi.nlm.nih.gov/refseq/).
These lncRNAs from different sources were mapped to the same
genome version using BLASTN v2.16.0 (with parameters “-evalue
1e-5 -outfmt 6 -max_target_seqs 1”) and then merged with String-
Tie v2.2.1 (Shumate et al., 2022). Next, we employed the GffCom-
pare v0.11.2 (Pertea & Pertea, 2020) tool to identify lncRNA types
according to the protein-coding gene positions. Finally, lncRNA
sequences were extracted using Gffread v0.12.7 (Pertea & Per-
tea, 2020), and transcripts with low protein-coding potential were

Figure 6. A key study on predicting conserved epigenetic regulatory mechanisms of lncRNAs.

(a, b) Statistical analysis of lncRNA expression regulated by met1. Venn diagrams showing lncRNAs with significantly changed altered expression and DNA

methylation levels in Arabidopsis (a) and tomato (b).

(c) Local synteny block of Atha MSTRG.2210.1 and Slyc MSTRG.2095.1.

(d) Sequence similarity alignment between Atha MSTRG.2210.1 and Slyc MSTRG.2095.1.

(e) Consensus secondary structure prediction for Atha MSTRG.2210.1 and Slyc MSTRG.2095.1. The color bar indicates the reliability of base pairing, with red

representing highly conserved secondary structure.

(f) DNA methylation and expression levels at the loci of Atha MSTRG.2210.1 and Slyc MSTRG.2095.1 in the met1 mutant and the wild type.

(g) Conserved lncRNA network based on synteny analysis in five families. Nodes represent lncRNAs, and edges indicate syntenically conserved lncRNA pairs,

with thick edges indicating conservation with both Atha MSTRG.2210.1 and Slyc MSTRG.2095.1.
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retained based on CPC2 predictions (Kang et al., 2017). In sum-
mary, we selected high-quality lncRNA transcripts that conform to
the following criteria: (i) class code labels of i, x, or u; (ii) classified
as non-coding; (iii) transcript length ≥200 bp. Based on genomic
location, lncRNAs were categorized into three types: (i) intergenic
lncRNAs, transcribed from DNA sequences between two protein-
coding genes; (ii) intronic lncRNAs, originating from introns
within protein-coding genes; and (iii) antisense lncRNAs, tran-
scribed in the opposite direction to protein-coding genes.

To minimize interference at coding gene sites, intergenic
lncRNAs were further classified based on their distances from
adjacent genes into PCG-lincRNAs and DS-lincRNAs. For lncRNAs
with a median distance of >5 kb from neighboring genes, those
beyond the median were classified as DS-lincRNAs, while
those within 5 kb were classified as PCG-lincRNAs. If the median
distance was <5 kb, transcripts were categorized based on
whether they were farther or closer than the median distance.

TE-related lncRNA identification

Species-specific transposable element information was down-
loaded from public platforms such as APTEdb (Pedro et al., 2021)
and RepetDB (Amselem et al., 2019). TEs were aligned to the refer-
ence genome of each species using BLAST, and the best align-
ment sequences were extracted. We used the BEDtools v2.30.0
(Quinlan & Hall, 2010) “intersect” method to identify lncRNAs with
overlapping regions of more than 10 bp with TEs as TE-related
lncRNAs, while lncRNAs with no overlapping regions or overlap-
ping regions of less than 10 bp were identified as non-TE related
lncRNAs.

Histone modification data analysis

Enrichment regions of histone modifications are identified using
the MACS2 v2.2.7.1 tool (Zhang et al., 2008). For broad peak his-
tone modifications (H3K36me3, H3K20me1, H3K4me1, H3K79me2,
H3K79me3, H3K27me3, H3K9me3, and H3K9me1), the parameter
“--broad” is set. For narrow peaks, the parameter is set to “--call-
summits,” and a lenient P-value threshold (P < 1e-2) is set to cor-
rectly calculate the irreproducible discovery rate. Since IDR
v2.0.4.2 requires input peak data spanning the entire spectrum of
high confidence (signal) and low confidence (noise) to fit a bivari-
ate model that separates signal from noise, we follow the recom-
mendations for assessing consistency and reproducibility
between replicates (Li et al., 2011). Peak calling is performed for
biological replicates in three groups: all replicates, merged data
for each replicate (combined replicates), pseudo-replicates (each
sample splits into two subsamples), and pseudo-replicates of
merged samples (combined replicate samples split into two sub-
samples), using the same merged control as input. For samples
without replicates, peaks with “-log10 qvalue > 2” and “fold
enrichment > 2” are extracted as the final results. Overlap, merg-
ing, and summarization of peaks were analyzed using BEDTools.
Genome-wide localization and annotation were performed using
ChIPseeker v1.30.1 (Yu et al., 2015) and BEDTools, with detailed
genetic regions categorized as follows: upstream, 50UTR, CDS,
intron, 30UTR, downstream, and intergenic regions for protein-
coding regions and upstream 1 k, intron, exon, downstream, and
intergenic regions for non-coding regions.

ChIP-seq data were analyzed for statistical significance using
DiffBind v3.4.11 with the DESeq2 method, identifying differential
peaks by applying thresholds for fold change and P-value. Signifi-
cant differential peaks were further analyzed, including genome-

wide annotation and localization of differential regions, lncRNA
annotation, and identification of TF binding sites (TFBS).

DNA m5C data analysis

Raw sequencing data used Trim Galore v0.4.1 to remove potential
adapter with the parameters “-q 20 --phred33 --stringency 3 --
length 20 -e 0.1” and FastQC (Brown et al., 2017) to assess the
quality. The clean reads were mapped to the reference genome of
each germplasm using the BSseeker2 v2.1.8 with the following
parameters “--aligner=bowtie2 --XSteve --bt2-p 4 --bt2--end-to-
end” (Guo et al., 2013). Redundant reads and PCR duplicates were
removed using Picard v2.25.5 and SAMtools v1.9 (Li et al., 2009).
CGmapTools v0.1.2 (Guo et al., 2018) was used to convert BAM
files to CGmap files and methylation sites were identified with
BSseeker2.

Differentially methylated regions (DMRs) refer to genomic
regions exhibiting different methylation patterns between sam-
ples. This study identifies genomic regions showing significant
methylation level changes under different samples or conditions
using the CGmapTools “dmr” strategy, including DMR detection,
localization, and calculation of average methylation levels.
LncRNA annotation of DMRs is performed using bedtools and
ChIPseeker, and visualization is accomplished using deepTools
v3.5.1 (Ramirez et al., 2014).

Transcriptome data analysis

RNA-seq data primarily focused on mutants related to DNA meth-
ylation and histone modifications as well as stress-related sam-
ples. Raw data were downloaded from NCBI, and raw reads were
filtered using Trim Galore, with sequencing quality assessed by
FastQC. Mapping to the genome and gene quantification followed
published pipelines (Kim et al., 2015). Differential gene expression
between tissues was analyzed using DESeq2 in the R environ-
ment, with “|log 2(fold change)| ≥ 1” and “Padj < 0.05.”

Synteny-conserved lncRNA prediction

JCVI v1.4.20 (Tang et al., 2024) was used to construct whole-
genome syntenic blocks based on protein-coding gene sequence
homology between species. Then, we employ two core criteria to
screen for synteny-conserved lncRNAs based on each block.
LncRNAs were classified as synteny-conserved when meeting
dual criteria: (i) at least five (moderate criterion) adjacent homolo-
gous protein-coding genes must be syntenic between the two spe-
cies and (ii) transcriptional orientation concordance with any
neighboring homologous coding gene. To accommodate diverse
research requirements, we implemented a tiered classification
system incorporating based on the number of adjacent homolo-
gous coding genes: (i) a lenient threshold (≥3 genes) optimized for
maximal sensitivity in lncRNA detection, particularly useful
for exploratory analyses; (ii) a moderate threshold (≥5 genes) serv-
ing as our primary classification standard that balances sensitivity
and specificity; and (iii) a strict threshold (≥10 genes and transcrip-
tional orientation are consistent with the nearest homologous
coding gene upstream or downstream) designed for high-
confidence conservation assessment when studying deeply con-
served functional elements. Additionally, a microsynteny scan for
each synteny-conserved lncRNA was performed using the “jcvi.-
graphics.synteny” method within the “LncRNA Synteny Scan”
module, enabling comprehensive visualization and evaluation of
genomic structural conservation patterns. The conserved lncRNA
networks across multiple species were visualized by Cytoscape
(v3.9.0).
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Sequence-conserved lncRNA prediction

The BLASTN tool was performed for sequence alignment analysis:
(i) sequence similarity, evaluated using reciprocal BLASTN (e-
value = 1 9 10�5) to assess direct sequence identity between
lncRNAs of the two species, and (ii) flanking sequence conserva-
tion, assessed by using the 200 nucleotides at the 5’ or 3’ end of
each lincRNA as queries in a best BLASTN search against the ref-
erence genome. Specifically, flanking sequences were defined as
200 nucleotides upstream of the transcription start site (promoter
region) or 200 nucleotides downstream of the transcription termi-
nation site. It provided local genomic context evidence for syn-
teny. Bedtools intersect was used to verify whether BLASTN hits
corresponded to the appropriate syntenic locations.

RNA second structure analysis

A. thaliana MSTRG.2210.1 and S. lycopersicum MSTRG.2095.1
were predicted using RNAfold with default parameters (Gruber
et al., 2008), along with consensus secondary structure predictions
generated by the RNAalifold software (Bernhart et al., 2008).

Correlation analysis of epigenetic modification features

Regions of synteny-conserved lncRNAs were divided into
upstream 2 kb, gene body, and downstream 2 kb regions, with
each part further divided into 20 subregions. The modification
level for each subregion was calculated using CGmaptools or
deepTools. Finally, the correlation of epigenetic modification
levels between two specified samples was computed using a
Python script with the Spearman method.

Website implementation

The construction of the PERlncDB (http://perlncdb.liu-lab.com)
platform adopts the architecture pattern of front-end separation,
where the frontend handles visualization and display and the
backend is responsible for data processing and transmission.
PERlncDB relies on the efficient and fast web development frame-
work Django, with integrated table appearance and regulation
data stored and managed in the lightweight SQLite3 data manage-
ment system. Additionally, to enhance web visualization and dis-
play of data resources, the database integrates SequenceServer
and JBrowse2 bioinformatics tools. The project is deployed on an
Nginx web server based on Linux (https://www.linux.org/), sup-
ported by the computing platform Alibaba Cloud (https://cn.aliyun.
com/).
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