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Abstract

Plant long non-coding RNAs (IncRNAs) function in diverse biological processes, and IncRNA expression is under epigenetic regulation, in-
cluding by cytosine DNA methylation. However, it remains unclear whether 5-methylcytosine (°™C) plays a similar role in different sequence
contexts (CG, CHG, and CHH). In this study, we characterized and compared the profiles of genome-wide IncRNA profiles (including long
intergenic non-coding RNAs [lincRNAs] and long noncoding natural antisense transcripts [INcNATs]) of a null mutant of the rice DNA
methyltransferase 1, OsMET1-2 (designated OsMET1-27"") and its isogenic wild type (OsMET1-2"""). The En/Spm transposable element
(TE) family, which was heavily methylated in OsMET1-2"", was transcriptionally de-repressed in OsMET1-2~"~ due to genome-wide
erasure of CG methylation, and this led to abundant production of specific IncRNAs. In addition, RADM-mediated CHH hypermethylation
was increased in the 5'-upstream genomic regions of IncRNAs in OsMET1-27/~. The positive correlation between the expression of
lincRNAs and that of their proximal protein-coding genes was also analyzed. Our study shows that CG methylation negatively regulates
the TE-related expression of IncRNA and demonstrates that CHH methylation is also involved in the regulation of IncRNA expression.

Keywords: long non-coding RNAs (IncRNAs); DNA methylation; transposable element; OsMET1-2; small interference RNA (siRNA);
RNA-directed DNA methylation (RADM)

Introduction Following the advancing steps of IncRNA identification
and characterization in animal models (Wang et al 2004;
Bakhtiarizadeh et al. 2016; Scott et al. 2017; Wang et al. 2017b),
many studies have explored tissue IncRNA in different plant
species, including representative angiosperms and gymno-
sperms (Liu et al. 2012; Wang et al. 2014; Zhang et al. 2014;
Wang et al. 2015; Lu et al. 2016; Jain et al. 2017; Wang et al.
2017a; Deng et al. 2018; Huang et al. 2018; Wang et al. 2018; Xu
et al. 2018; Yuan et al. 2018; Zhang et al. 2018; Zhao et al. 2018a;
Deng et al. 2019; Hou et al. 2019; Jiang et al. 2019; Zheng et al.

Long non-coding RNAs (IncRNAs) are mRNA-like long RNA tran-
scripts (usually >200nt in length) that do not encode proteins be-
cause they lack discernible open-reading frames (Zhu and Wang
2012; Quinn and Chang 2016; Kopp and Mendell 2018). LncRNAs
are expressed across diverse plant and animal species and are in-
volved in the regulation of various biological processes, such as
reproduction (Lee and Bartolomei 2013; Zhang et al. 2014), nutri-
ent absorption (Franco-Zorrilla et al. 2007), and response to stim-
uli (Bhan et al. 2017; Qin et al. 2017). With the development of ) ’
high-throughput sequencing technologies, many IncRNA tran- 2019). The features of lncR.NAs in these pl.ant.speaes. haye ’?ee.n
scripts have been identified in different species by transcriptome exten51've1y characterized in terms of the.1r biogenesis, intrinsic
reassembly (Liu et al. 2012; Wang et al. 2015; Kyriakou et al. 2016; regulation, responses to stresses, regulation of PCgene expres-

Uszczynska-Ratajczak et al. 2018; Akay et al. 2019). LncRNAs can sion, and involvement in speciation. Plant IncRNAs are typically
transcribed by RNA polymerase II, which is similar to that char-

acterized in animal species; additionally, IncRNAs can also be
according to their genomic locations and transcriptional direction transcribed by plant-specific RNA polymerase V (Wierzbicki

relative to the closest neighboring protein-coding genes (PCgenes) et a'L 2008). In terms Qf intrinsic regulation, mostllncRNAs ex-
(Derrien et al. 2012). hibit lower expression levels and strong tissue-specific

be classified into long intergenic non-coding RNAs (lincRNAs)
and long noncoding natural antisense transcripts (IncNATS)
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expression patterns relative to PCgenes (Liu et al. 2012; Wang
et al. 2015). It is also recognized that whole-genome expression
of plant IncRNAs is responsive to multiple stress conditions
(Wang et al. 2014; Lu et al. 2016; Deng et al. 2018; Yuan et al.
2018) and specific IncRNAs function as novel positive regulators
of plants response to different abiotic and biotic stresses (Jain
et al. 2017; Qin et al. 2017; Wang et al. 2017a; Zhang et al. 2018).
Another special type of stress, the genomic shock that results
from genome merger and doubling in allopolyploid plant spe-
cies, also induces changes in the IncRNA expression profile
(Zhao et al. 2018a). Another intriguing dimension involves the
regulation by IncRNAs of their PCgene expression (Huang et al.
2018; Xu et al. 2018). Finally, from an evolutionary viewpoint,
IncRNA profiles phylogenetically related species suggest that
abundant genome-specific and/or lineage-specific IncRNAs
show weak evolutionary conservation throughout plant specia-
tion (Liu et al. 2012; Zhao et al. 2018a; Zheng et al. 2019).

The close association between transposable elements (TEs)
and IncRNA expression has inspired a number of investigations
into the regulation of IncRNA expression by DNA methylation
(Wang et al. 2015; Yan et al. 2018; Chen et al. 2019). Most of these
studies have characterized the DNA methylation (in CG, CHG,
and CHH contexts) around genomic regions that generate
IncRNAs and have reached a consistent conclusion: CG and CHG
methylation tends to be negatively correlated with IncRNA ex-
pression (Wang et al. 2015; Xu et al. 2018; Yan et al. 2018). Notably,
because no detailed analysis of DNA methylation mutants were
involved, these previous studies are based on correlation analy-
ses only and therefore do not reveal a causal relationship. In ad-
dition, although the loss function of DDM1 (decrease in DNA
methylation 1, required for CG and CHG methylation of hetero-
chromatic regions) was used to probe the effects of methylation
on the expression of transcripts in some plant species (Corem
et al. 2018; Tan et al. 2018; Long et al. 2019); this approach could
not distinguish the specific effect of CG methylation from that of
CHG methylation on IncRNA expression. Overall, the question of
whether and how contextual methylation (i.e., CG, CHG, and
CHH) affects IncRNA expression remains unanswered.

In this study, we characterized and compared genome-wide
IncRNA profiles between a rice loss-of-function mutant for DNA
methyltransferase 1, OSMET1-2 (OsMET1-27/7), and its isogenic
wild type (OsMET1-2+/%). We show that genome-wide CG hypome-
thylation in OsMET1-27/~ (Hu et al. 2014) leads to massive genera-
tion of specific lincRNAs and IncNATs. We demonstrate that
these novel lincRNAs and IncNATs derive primarily from hypo-
methylated En/Spm TEs that are heavily methylated in the wild
type. We also find that RNA-directed DNA methylation (RADM)-
mediated CHH hypermethylation in the 5-upstream genomic
regions of lincRNAs is associated with their elevated transcription
in OSMET1-27/~. Using paired samples of OsMET1-27/~ and
OsMET1-2"/*, we consistently show that the expression of cis-act-
ing lincRNAs is positively correlated with that of their paired
PCgenes in rice.

Materials and methods

Plant materials

The homozygous null mutant of OsMET1-2 (OsMET1-2~7) and its
isogenic wild type (OsMET1-2+/*) of Oryza sativa L. ssp. japonica cv.
Nipponbare (Hu et al. 2014) were used in this study. OSMET1-2"/*
and OsMET1-2~/~ seeds were germinated and grown on plates
with Murashige and Skoog (MS) medium in a plant incubator un-
der controlled conditions of 24°C/16 h light and 20°C/8 h dark.

Three biological replicates of each genotype, each consisting of
five pooled 11-day-old seedlings, were collected and prepared for
RNA isolation.

Library construction and next-generation
sequencing

Total RNA was isolated from each biological replicate following
standard procedures using the TRIzol reagent (Invitrogen). High-
quality RNA was used for the subsequent library constructions.
Strand-specific whole transcriptome sequencing (containing both
coding and non-coding RNAs) and small RNA sequencing librar-
ies were constructed using the NEBNext Ultra Directional RNA
Library Prep Kit for Illumina (NEB, USA) and the NEBNext
Multiplex Small RNA Library Prep Set for Illumina (NEB, USA.).
The resulting libraries were sequenced on the Illumina HiSeq
2500 platform in paired-end 150bp and single-end 50bp mode,
respectively, at the Novogene Company in Beijing.

Identification of IncRNAs and their adjacent
PCgenes

Low-quality raw sequencing reads were filtered out, and contam-
inating adaptors within the reads were trimmed, thereby produc-
ing clean reads for mapping to the rice reference genome
(MSU7.0; http://rice.plantbiology. msu.edu/) with HISAT2 (version
2.1.0; no mismatches allowed) (Kim et al. 2015). The transcrip-
tome was assembled and transcripts were quantified by StringTie
(version 1.3.4d) (Pertea et al. 2015). GffCompare (version 0.11.4,
http://ccb.jhu.edu/software/stringtie/gffcompare.shtml) was used
to compare the assembled transcripts to the rice annotation pro-
files and generate a classification code for each transcript, in-
cluding “i/u/x” coded transcripts (Zhao et al. 2018b). Based on
previous definitions and characterizations of IncRNAs (Derrien
et al. 2012), transcripts that originated from existing genes were
removed, although they were retained if they were located on
the opposite strand. In addition, transcripts <200nt in length,
transcripts expressed in only one replicate of each genotype, and
transcripts with TPM (Transcripts Per Million as calculated by
StringTie) <1 were also removed. After these initial filtering steps,
blastx was used to evaluate the similarity of candidate tran-
scripts to annotated proteins in rice genome (abbreviated as rice-
proteins) and the uniref90 (https://www.uniprot.org/help/uniref/)
protein database (e-value <0.001). Furthermore, minimap?2 (with
default parameter) and TransDecoder (e-value <0.001) were used
to scan the Rfam (http://rfam.xfam.org/) and Pfam (http://pfam.
xfam.org/) databases. Candidate transcripts with matches in the
aforementioned databases were excluded. In addition, the poten-
tial coding ability of novel transcripts was estimated using the
CPC2 (http://cpc2.cbi.pku.edu.cn/) and CNCI programs (Sun et al.
2013), and novel transcripts with potential coding ability were
also removed. A final list of candidate IncRNA transcripts identi-
fied from each genotype with their originating genomic locations
was used for further analyses. Based on their genomic locations,
IncRNAs were further classified into lincRNAs and IncNATs.
LncRNA located completely within intergenic regions of the rice
genome and that did not intersect with PCgenes were defined as
lincRNAs. By contrast, IncRNAs situated on the opposite strand
from protein coding genes and that intersected with PCgenes by
more than one nucleotide were defined as IncNATSs.

For each lincRNA, the closest PCgene within =5 kb of its geno-
mic position was defined as its paired PCgene. For each IncNAT,
the PCgene on the opposite strand with which it intersected by
atleast one base was defined as its paired PCgene.
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Experimental validation of IncRNA

Twenty IncRNAs randomly selected from mutant-specific
lincRNAs and IncNATs and from common lincRNAs and IncNATs
were validated by reverse transcription polymerase chain reac-
tion (RT-PCR) followed by Sanger sequencing. In brief, reverse
transcription of total RNAs extracted from each genotype was
performed using TransScript One-Step gDNA Removal and cDNA
Synthesis SuperMix (TransGen Biotech). Primer pairs were
designed to specifically amplify the reverse-transcribed cDNA of
the target IncRNAs using Primer Premier 5 software (Lalitha 2000)
(Supplementary Table S1). After amplification and electrophore-
sis, the PCR products were collected, cloned, and sequenced by
Sangon Biotech (Shanghai, China).

To verify the differential expression of selected IncRNAs
(DEINcRNA; see details in the following sections) in OsMET1-2*/*
and OsMET1-27/~, quantitative real-time PCR (QRT-PCR) was per-
formed on 20 randomly selected common DEIncRNAs: 10
lincRNAs and 10 IncNATSs. All gRT-PCR primers were designed
using an Integrated DNA Technologies online tool (https://sg.
idtdna.com/scitools/Applications/Real TimePCR/; Supplementary
Table S2). Reverse-transcribed cDNA from each biological repli-
cate of each genotype was used as a template for individual
gRT-PCR amplification to quantify the IncRNA expression level.
The 274 method was used to estimate relative expression, and
ACTIN was used as the internal control gene.

Differential expression of PCgenes and IncRNAs

To identify differentially expressed IncRNAs (DEIncRNAs) and
PCgenes (DEPCgenes) in OsMET1-2*/* vus OsMET1-27/,
DESeq2(Love et al. 2014) was used to calculate their normalized
expression values in RPKM (reads per kilobase per million
mapped reads) and assessed their differential expression based
on raw reads counts. DEIncRNAs and DEPCgenes were defined
based on a twofold expression difference between the genotypes
and a false discovery rate-adjusted P<0.05.

Small RNA data analysis

Raw small RNA sequencing data (merged from three biological
replicates per genotype) were filtered by removing adaptor con-
tamination and low-quality reads. Reads derived from rRNA,
tRNA, and were removed using SILVA (https://www.arb-silva.de/
), GtRNAdDb (http://gtrnadb.ucsc.edu/), Rfam, and snoPY (http://
snoopy.med.miyazaki-u.ac.jp/). All potential miRNA reads were
identified using miRDeep-P prediction tool (Yang and Li 2011) and
by blastn searches against known pre-miRNAs in the miRbase
(version 22.1) (Kozomara et al. 2019). After removing potential
miRNA reads, the remaining small interference RNAs (siRNAs)
reads were used as input for subsequent analyses. All siRNAs
were mapped to the rice reference genome (MSU7.0) using
Bowtiel (Langmead et al. 2009). To compare the siRNA abundance
in OSMET1-2"/* vs OsMET1-27/~, the counts of mapped 21-24 nt
siRNAs from each genotype were normalized into RPM values
(reads per million base pair).

Analysis of whole genome bisulfite sequencing
data

Whole genome bisulfite sequencing (WGBS) data from OsMET1-
27/ and OsMET1-2~/~ were published previously and have been
deposited at NCBI under the accession no. SRP043447 (Hu et al.
2014). We estimated context-specific DNA methylation profiles
and differentially methylated regions (DMRs) as described in our
previous studies (Hu et al. 2014, 2020). The weighted mean DNA

methylation levels in CG, CHG, and CHH contexts within and
around genomic regions that contained expressed IncRNAs,
PCgenes, and TEs were calculated.

Anchoring paralogs of DEPCgenes

Paralogous gene duplicates in the rice genome were downloaded
from the Rice Genome Annotation Project (http://rice.plantbiol
ogy.msu.edu/). The PCgenes of DEIncRNAs, which had no paralo-
gous duplicates, were discarded. Only the PCgenes with paralo-
gous duplicates being not any neighbor PCgenes of any other
IncRNAs were retained.

Results

Genome-wide identification and characterization
of IncRNAs in OsMET1-2"/* and OsMET1-2~/~

Strand-specific RNA-sequencing and a stringent prediction
pipeline were used to identify the long non-coding RNA
(IncRNA) in a homozygous mutant of OSMET1-2 (OSMET1-27/7)
and its isogenic wild type (OSMET1-2*/*). After the removal of
the low-quality raw reads, 378 and 380 million paired-end
reads were obtained for OsMET1-2*/* and OsMET1-27/~ and
were used as input for the prediction pipeline (Figure 1A). In
brief, 81,842 and 139,425 transcripts were obtained from
OsMET1-2*/* and OsMET1-27/~ using HISAT2 and StringTie as
mapping and assembly tools, respectively. Following the re-
moval of unqualified transcripts similar to annotated genic
transcripts, transcripts of unexpectedly short length, and tran-
scripts with very low expression, 38,611 and 38,795 transcripts
remained in OSMET1-2"/* and OsMET1-27/".
non-coding features of the identified IncRNAs, a final filtration
step was performed to exclude transcripts with known and
predicted coding potential. Finally, 932 and 1104 IncRNAs were
identified in OsMET1-2¥* and OsMET1-27/~ (Figure 1A;
Supplementary File S1).

The genomic locations and transcription directions of the
IncRNAs relative to their nearest neighboring PCgenes were
determined, and the IncRNAs were then categorized into long
intergenic non-coding RNA (lincRNA) and long non-coding natural
antisense transcript (IncNAT). As shown in the Venn diagrams
(Figure 1B), the 932 IncRNAs in OsMET1-2*/* consisted of 729
lincRNAs and 203 IncNATs, and the 1104 IncRNAs of OsMET1-2/~
consisted of 880 lincRNAs and 224 IncNATs. Most lincRNAs and
IncNATs were shared by the two genotypes (719 common
lincRNAs and 201 common IncNATSs; Figure 1B). However, there
were a limited number of genotype-specific lincRNAs and IncNATs
(10 and 2 wild type-specific lincRNAs and IncNATs; 23 mutant-
specific IncNATS; Figure 1B). An exceptionally large number (161)
of mutant-specific lincRNAs were identified (Figure 1B). Compared
with their respective PCgenes, both types of IncRNAs usually con-
tained fewer exons (most consisted of single exon; Figure 1C), pro-
duced shorter transcripts (Figure 1D), and had lower expression
levels (Figure 1E). These IncRNA characteristics are consistent with
those reported in other plant species (Li et al. 2014; Wang et al.
2015; Xu et al. 2018).

RT-PCR and gRT-PCR analyses confirmed the existence of ran-
domly selected IncRNAs and validated their relative expression
levels, further verifying the accuracy of our IncRNA predictions
(Supplementary Figures S1 and S2).

To ensure the
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Figure 1 Identification and characterization of long non-coding RNA (IncRNAs) in OSMET1-2*/* and OsMET1-27/~. (A) The workflow of IncRNA
identification pipeline developed in this study. The parenthesized numbers in blue and red denote the respective number of reads or transcripts input
into the following step. The frames in gradient colors specify the detailed database(s) and/or tools adopted in respective step. (B) The Venn diagrams
tabulating the numbers of lincRNA and IncNAT shared (common) in OsMET1-2+/* (blue) and OsMET1-2~/~ (red) and specifically identified in respective
sample (wild type and mutant specific). The exact number of IncRNAs in each category is listed beneath respective category name. (C) Proportions of
IncRNA transcripts (lincRNAs and IncNATSs) and the adjacent PCgenes in OsMET1-2"/* and OsMET1-2~/~ categorized in terms of the exon numbers. (D)
Proportions of IncRNA transcripts (lincRNAs and IncNATSs) and the adjacent PCgenes in OSMET1-2%/+ and OSMET1-2~/~ categorized in terms of the
transcript length. (E) Cumulative frequency curves of the transcript abundances of lincRNA, IncNAT, and PCgenes. The x-axis tabulates each transcript
category with respective log2FC (fold change) of Reads Per Kilobase per Million mapped reads (RPKM); the y-axis tabulates the accumulative frequency

after adding each transcript category.

Genomic regions that generated mutant-specific
IncRNAs showed greater hypomethylation than
those that generated common IncRNAs

In addition to the large number of common IncRNAs shared
between OsSMET1-2** and OsMET1-27/~, sets of lincRNAs
(18.30%; 161/880) and IncNATs (10.27%; 23/224) were specifically
expressed in OsMET1-2~/~ (Figure 1B). In our previous study, the
loss-of-function mutation of OsMET1-2 caused genome-wide CG
and CHG hypomethylation (Hu et al. 2014). To test for an associa-
tion between novel IncRNAs expression and CG and CHG hypo-
methylation, we compared the CG and CHG methylation patterns
of genomic regions that expressed novel or common IncRNAs in
OsMET1-2~/~ with their corresponding regions in OsMET1-2*/*
(Figure 2A; Supplementary Figure S3). As expected, the overall CG
and CHG methylation level of IncRNA genomic regions was lower
in OsMET1-27/~ than in OsMET1-2*/* for both common and
mutant-specific IncRNAs (Figure 2A; Supplementary Figure S3A).
Genomic regions that generated mutant-specific IncRNAs in
OsMET1-27/~ had higher CG and CHG methylation levels in
OsMET1-27/* than regions that generated common IncRNAs
(Figure 2A). This difference was confirmed statistically by a ran-
dom sampling method in which the CG and CHG methylation
levels of regions that encoded mutant-specific IncRNAs in
OsMET1-2%/* were significantly higher than those of randomly
sampled regions (Figure 2B; Supplementary Figure S3B).
Furthermore, CG and CHG methylation levels of genomic regions
that generated mutant-specific IncRNAs were hypomethylated

more than the regions that generated common IncRNAs in
OsMET1-27/~ (Figure 2A; Supplementary Figure S3A).

To obtain further support, we also calculated the numbers
of common and mutant-specific IncRNAs that co-localizing with
CG and CHG DMRs in OsMET1-27/~ for each type of IncRNAs
(Figure 2C; Supplementary Figure S3C). Relative to the number of
randomly bootstrap-sampled intergenic and anti-sense genic
regions that overlapped with DMRs (i.e., the reference distribu-
tion), the mutant-specific lincRNAs and IncNATSs occurred in CG
DMRs at significantly higher frequencies than expected, but a
similar result was not found for common IncRNAs (Figure 2C).
However, the result for CHG DMRs was more complicated:
both mutant-specific and common lincRNAs were statistically
enriched in CHG DMRs (Supplementary Figure S3C), but mutant-
specific IncNATs were not. These observations suggest a poten-
tial association between novel IncRNA expression and CG
hypomethylation. Nonetheless, there was a lack of statistical
evidences to support an association between novel IncRNAs ex-
pression and CHG hypomethylation in this study.

TE-derived IncRNAs were de-repressed in
OsMET1-27/~

Genomic features that generated lincRNAs and IncNATSs in both
OSMET1-2+* and OsMET1-2~/~ were further characterized. First,
the two types of IncRNAs were categorized into four groups based
on their locations in genic/intergenic regions with/without
TEs (Supplementary Figure S4; the lack of coding ability of
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autonomous TE-related IncRNAs was confirmed by checking
their incomplete ORFs; see Materials and methods section).
Relative to mRNA regions (separated into 5 UTR, CDS, and 3’
UTR), significantly more IncRNAs (especially lincRNAs) were gen-
erated by genomic regions associated with TEs (genic and inter-
genic TEs) in both OsMET1-2+* and OsMET1-2~/~ (Figure 3A).

Next, the proportions of common and mutant-specific
IncRNAs expressed by specific TE types were summarized
(Figure 3B). Overall, more IncRNAs were generated by Type II
transposons (DNA transposons) than by Type I transposons (re-
tro-transposons) for both common and mutant-specific IncRNAs
(Figure 3B). In addition, mutant-specific lincRNAs and IncNATs
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Table 1 The weighted mean cytosine DNA methylation levels of protein coding genes, TE-related genes, all TE types, and each specific
type of TEs in OSMET1-2*/* and OsMET1-2~/~

Category CG CHG CHH
OsMET1- OsMET1- Decreased OsMET1- OsMET1- Decreased OsMET1- OsMET1- Decreased
27" (%) 27 (%) (%) 27" (%) 27 (%) (%) 27 (%) 27 (%) (%)
Protein coding genes 26.40 3.30 —87.60 9.20 6.70 —26.50 2.10 0.70 —65.50
TE-related genes 85.40 18.40 —78.40 64.70 51.20 —20.90 4.90 2.20 —53.90
Total repeats 83.60 18.30 -78.10 54.10 43.80 -19.10 26.30 10.70 —59.50
Retrotransposons 89.60 21.10 —76.50 65.00 51.00 —21.50 10.20 6.10 —40.60
(Class I/retro TE)
Copia 87.50 19.30 —78.00 61.00 47.00 —23.00 7.60 4.90 —36.10
Gypsy 90.80 21.70 -76.10 68.70 53.70 -21.80 7.00 5.50 —20.60
LTR-other 84.90 23.30 —72.50 59.30 48.80 -17.70 10.90 9.50 -12.90
Cassandra 94.40 28.90 —69.40 74.20 60.10 —19.00 20.50 13.10 -36.20
Caulimovirus 94.60 24.90 —73.70 81.70 73.90 -9.60 3.30 4.30 29.10
LINE 82.70 17.20 -79.20 61.20 55.30 -9.70 4.60 2.50 —45.60
SINE 87.30 18.90 —78.40 54.60 42.90 —21.40 23.90 7.90 —66.90
Transposons 78.20 16.60 —-78.80 47.20 38.40 —18.50 22.00 9.20 —58.30
(Class II/DNA TE)
En/Spm 90.50 19.00 —79.00 54.10 37.00 —31.50 10.00 10.20 2.70
MITEs 83.40 18.00 —78.50 52.90 43.20 —18.30 33.80 12.90 —61.80
hAT 79.60 14.50 —81.80 37.50 23.10 —38.30 12.30 5.20 —57.80
Harbinger 80.90 17.50 —78.40 53.10 46.30 —12.90 30.20 12.80 —57.70
Stowaway 77.20 17.20 -77.70 45.70 37.40 -18.10 25.40 9.20 —63.50
Tourist 79.40 18.40 —76.80 50.30 44.60 —11.40 24.50 9.50 —61.10
MuDR 87.50 21.10 —-75.90 53.50 47.10 —-12.00 16.30 6.10 —62.80
DNA-other 59.40 10.10 —83.00 34.60 29.40 —14.90 14.40 5.90 —59.30

Within each category, the proportion of reduction in DNA methylation level (in CG, CHG, and CHH context) in OSMET1-2~/~ relative to respective level in the
OsMET1-2"/* is recorded as “Increase or Decreased (%),” which is calculated as (OsSMET1-2~/"~OsMET1-2+/+)/OsMET1-2"/*.

were more highly expressed than common IncRNAs (Figure 3B).
Notably, 49.69% of the mutant-specific lincRNAs were generated
by the En/Spm DNA transposon family, significantly higher than
the corresponding percentage of common lincRNA (12.40%) (Chi-
square test, P<0.001) (Figure 3B). Although miniature inverse-
repeated TEs (MITEs) were the most abundant TE types in the
rice genome (Figure 3B), MITEs did not generate significantly
more mutant-specific IncNATs than common IncNATs
(Chi-square test, P=0.09). Furthermore, detailed characterization
of DNA methylation (in CG, CHG, and CHH contexts) of all TE
types in OsMET1-2*/* revealed that En/Spm harbored higher CG
methylation levels than other DNA TEs (Table 1). Taken together,
these results imply that CG-methylated TE types (e.g., En/Spm)
may be more likely to be de-repressed and to express IncRNAs in
the OSMET1-27/~.

RdDM-mediated CHH hypermethylation in the
5'-upstream regions of transcriptionally
upregulated lincRNAs in OSMET1-2~/~

To examine the link between DNA methylation and IncRNA
expression in different contexts (i.e., CG, CHG, and CHH), genomic
regions that contained differentially expressed IncRNA
(DEIncRNA [lincRNA and IncNAT]) transcripts and their +2kb
upstream and downstream regulatory regions were examined
in OsMET1-2"/* and OsMET1-27/~ (Figure 4A; Supplementary
Figures S5 and S6). Genomic regions with statistically signifi-
cantly upregulated and downregulated IncRNAs and with com-
mon and mutant-specific IncRNAs were considered separately
(Figure 4A; Supplementary Figures S5 and S6).

For DNA methylation in CG and CHG contexts, all IncRNA-
related genomic regions were consistently hypomethylated in
OsMET1-27/~, and there were no region-specific DNA methylation
changes (Supplementary Figures S5 and S6). The genomic regions
that generated lincRNAs exhibited CHH hypomethylation in

OsMET1-27/~ (Figure 4A). Specifically, CHH hypomethylation
occurred in genomic regions that generated downregulated
common lincRNAs and IncNATs (Figure 4A; Supplementary
Figure S6). By contrast, in genomic regions that generated upre-
gulated common and mutant-specific lincRNAs, CHH sites were
hypermethylated in the 5'-upstream regulatory regions (~250 bp)
adjacent to transcription starting sites in OsMET1-27/~
(Figure 4A). This phenomenon was not observed in regions that
generated IncNATs (Supplementary Figure S6). Considering the
important role of siRNAs in the establishment of CHH methyla-
tion by the RADM pathway (Matzke and Mosher 2014), we sought
to test whether these CHH hypermethylated 5'-upstream regions
were targeted by siRNAs. As expected, our small RNA sequencing
and mapping results revealed significantly abundant siRNAs that
co-localized with the special hypermethylated regions associated
with upregulated common and mutant-specific lincRNAs
(Figure 4A). Among the mutant-specific lincRNAs, 61.49% (99/
161) displayed CHH hypermethylation in their 5-upstream re-
gion, 74.53% (120/161) harbored enriched siRNAs in their 5'-up-
stream region, and 52.17% (84/161) exhibited concomitant CHH
hypermethylation and abundant siRNAs in their 5'-upstream
regions. However, such high proportions were not observed for
non-differentially expressed lincRNAs (hyper ™CHH 32.99%, 193/
585; abundant siRNAs 39.15%, 229/585; concomitant hyper "CHH
and abundant siRNAs 14.19%, 83/585).

Given our previous findings of En/Spm enrichment in mutant-
specific lincRNAs (Figure 3B), we also characterized the weighted
mean CHH methylation levels of En/Spm genomic regions that
expressed upregulated common and mutant-specific lincRNAs
transcripts. Concomitant CHH hypermethylation and siRNA
abundance was once again observed 5-upstream of En/Spm
genomic regions that expressed upregulated common and
mutant-specific lincRNAs (Figure 4B). This observation was also
supported by compensatory CHH methylation that occurred
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specifically in En/Spm TEs after the null mutation of the OsMET1-
2 gene (Table 1). All these results indicate that RADM can produce
compensatory CHH methylation within the 5-upstream regula-
tory genomic regions (especially in the En/Spm TE regions) of
transcriptionally upregulated lincRNAs in OSMET1-2~/~.

Expression of cis-acting lincRNAs is positively
correlated with that of their paired PCgenes

Our earlier study reported extensive differential PCgene expres-
sion in OsMET1-27/~ relative to OsMET1-2*/* (Hu et al. 2014).
Based on the DEIncRNAs in the same sample set, it was possible
to explore potential cis-regulatory effects of IncRNAs on the ex-
pression of their neighboring PCgenes. Specifically, we character-
ized the correlation between expression fold changes of
DEIncRNAs (including both common and mutant-specific
lincRNAs and IncNATSs) and those of their corresponding differ-
entially expressed of PCgenes (DEPCgenes) (Figure 5). To exclude
intrinsic noise effects from other factors (including the adjacent
TEs and local differential methylation) that may have mediated
an indirect correlation, we categorized the IncRNAs into four sub-
groups based on their locations relative to genomic TEs and CG
DMRs. Subsequently, we calculated Pearson’s correlations and

corresponding P-values for each subgroup of lincRNAs and
IncNATs (Figure 5C). After excluding the effects of adjacent TEs
and CG DMRs associated with the null mutation of OsMET1-2
gene, the fold changes of DElincRNA expression in OSMET1-2~/~
relative to OSMET1-2"/* were significantly correlated with those
of their corresponding DEPCgenes (n=184; Pearson’s correlation
= 0.604, P<0.001; Figure 5, A and C). There was no significant cor-
relation between the fold changes of DEIncNAT and those of their
corresponding DEPCgenes (Figure 5, B and C). PCgenes paired
with DElincRNA are enriched in arabinan/xylan catabolic process
and sodium ion transmembrane transport. Both arabinan and
xylan are present abundantly in plant cell walls (Verhertbruggen
et al. 2009; Grantham et al. 2017). These enrichments indicate that
the correlation between lincRNA and PCgene expression may be
involved in the abnormal growth of the mutant.

To further verify the potential positive correlation between
expression of cis-acting lincRNAs and that of their paired
PCgenes, another two groups of PCgenes were selected as neg-
ative controls. One included paralogs of the lincRNA-related
PCgenes (see Materials and methods section), and the other in-
cluded randomly selected rice genes. If the expression of
lincRNAs was positively correlated with that of their PCgenes,
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such a positive correlation should be present between
lincRNAs and their PCgenes but absent in the two negative
control groups. This hypothesis was tested using the same
method described above (Figure 5), and a significant correla-
tion was found only between the cis-acting lincRNAs and their
corresponding paired PCgenes (Figure 6).

Discussion

High-throughput sequencing technology has enabled researchers
to characterize a large number of IncRNAs from various eukary-
otic species (Kyriakou et al. 2016; Wang et al. 2017b; Akay et al.
2019). Major questions about IncRNA composition, biogenesis,
tissue-specific expression, function, and association with epige-
netic modifications have been explored and mostly answered in
plant species (Liu et al. 2012; Wang et al. 2015; Hu et al. 2020).
Nonetheless, little evidence exists for participation of context-
specific DNA methylation in the regulation of plant IncRNA ex-
pression (Wang et al. 2017a; Xu et al. 2018; Chen et al. 2019). We
therefore characterized and compared IncRNA expression
(incRNAs and IncNATs) between wild-type rice (OSMET1-2%/)
and its homozygous mutant OsMET1-27/~, in which CG methyla-
tion has been dramatically reduced by null mutation of the
OsMET1-2 gene (Hu et al. 2014). In addition to clarifying the elusive
relationship between CG methylation and IncRNA expression, we
also demonstrated the involvement of CHH methylation in the

regulation of IncRNA expression. Notably, compared with the
OsDDM1 mutant that exhibits a simultaneous decrease in CG and
CHG methylation (Tan et al. 2018), the limited CHG methylation
variation in our rice OsMET1-2~~ mutant allows us to specifically
exclude any potential mixed effects from CHG methylation in our
association analyses.

Use of the wild type OsMET1-2*/* and its OsMET1-2~/~ mutant
enabled us to provide strong evidence for the regulation of
IncRNA  expression by CG methylation: the heavily CG-
methylated regions in OsMET1-2"/* were induced to express
novel mutant-specific IncRNAs in OsMET1-2~/~ (Figure 2).

Given that the CG methylation level was higher in TE regions
than in genic regions (Table 1) (Feng et al. 2010), we hypothesized
that the novel mutant-specific IncRNAs may have originated
from TE-rich regions. To test this hypothesis, we investigated the
composition of genomic regions that generated mutant-specific
IncRNAs. A specific group of DNA transposons, the En/Spm DNA
transposons, expressed more mutant-specific IncRNAs after the
erasure of CG methylation in OsMET1-27/~ (Figure 3). Here, it is
necessary to emphasize that the role of CHG methylation in the
regulation of IncRNA expression is still ambiguous as character-
ized in the current study system. Future investigation in other
mutants with abolished CHG methylation (e.g., the cmt3 mutant)
could provide additional insight.

Another intriguing question arises: why does this specific type
of TE promote the active expression of IncRNAs in response to
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the removal of CG methylation? Given the smaller number of En/
Spm transposons relative to those of other TE types in the rice ge-
nome (Figure 3B), the contribution of En/Spm transposons to
IncRNA transcription does not correlate with their genomic abun-
dance. This suggests that active lincRNA expression by En/Spm
transposons must be determined by other intrinsic properties.
Although both En/Spm transposons and MITEs are enriched in
intergenic regions (Ouyang and Buell 2004), significant mutant-
specific lincRNA expression is derived by En/Spm transposons
but not by MITEs, implying that a biased distribution within inter-
genic regions is not the intrinsic factor either. Given the marked
decrease in CG methylation in regions expressing mutant-
specific En/Spm transposons in OsMET1-2~~ (79.00%, Table 1;
Figure 2, B and C), greater erasure of CG methylation from En/
Spm transposons than from other TE types may be one relevant
intrinsic factors. However, SINE retrotransposons exhibited a de-
gree of CG methylation erasure similar to that of En/Spm

transposons (79.20%; Table 1), but they did not express more
mutant-specific lincRNAs in OsMET1-2~~. This suggests that
other unknown intrinsic features of En/Spm transposons and/or
other regulatory process(es) involved in their de-repression must
influence mutant-specific IncRNA expression after the null mu-
tation of OsMET1-2. In addition to the previously reported co-
localization of TEs with expressed IncRNAs in rice and other
plant species (Wang et al. 2017a; Yan et al. 2018), this study pro-
vides a clear example of the direct negative regulation of IncRNA
expression by CG methylation of TEs in a monocot species.

In addition to enriched CG methylation, CHH methylation
established by siRNAs through the RADM pathway is another
prominent epigenetic feature of plant intergenic TE regions (Xu
et al. 2018; Yan et al. 2018). As previously reported (Hu et al. 2014)
and also illustrated in our study (Table 1; Figure 4), a decrease in
CHH methylation within the bodies and regulatory regions of
most TEs is accompanied by the erasure of CG methylation.
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However, an exceptional contrasting case is the compensatory in-
crease in CHH methylation in the En/Spm transposons (2.70%;
Table 1). The prima facie coincidence of lincRNA expression and
compensatory CHH methylation in the same group of En/Spm
transposons after null mutation is contradicted by the observed
co-occurrence of siRNA enrichment and increased CHH methyla-
tion in the 5-upstream regulatory regions of mutant-specific and
upregulated common lincRNA transcripts (Figure 4). Our observa-
tions suggest that together with CG methylation, CHH methyla-
tion mediated by the RADM pathway is also involved in
regulating IncRNA expression, especially for lincRNAs. However,
in contrast to the clear negative effects of CG methylation on
IncRNA expression discussed above, the potential role of com-
pensatory CHH methylation remains unclear. According to ca-
nonical theory on the silencing effects of CHH methylation on TE
transcription (Matzke and Mosher 2014), it is deduced that our
observed CHH hypermethylation in lincRNA regulative regions
could compensatively silence the TE transcription in the absence
of inhibitive CG methylation. Such a prediction is consistent with
the previously reported association between 5-upstream CHH
methylation and the expression of downstream neighboring
PCgenes in other plant species (Gent et al. 2013; Li et al. 2015;
Secco et al. 2015). However, based on the recent recognition of
RdDM-mediated CHH methylation as a signal that recruits
certain transcriptional anti-silencers (Harris et al. 2018), another
possible scenario is that CHH methylation around the intergenic
TE regions may counteract the repressive effects of CG methyla-
tion on IncRNA expression. Comparisons of IncRNA profiles from
additional RADM rice mutants will be necessary to determine
whether intergenic IncRNAs expression increases (supporting the
former “collaborative negative model”) or decreases (supporting
the latter “counteracting active model”) when the RdDM pathway
is abolished. The exact role of CHH methylation in the regulation
of IncRNA expression will then be made clear.

LncRNA has been reported to regulate the expression of both
neighboring (cis) and distal (trans) PCgenes in animal models
(Pauli et al. 2012; Casero et al. 2015; Zhu et al. 2015). As in some
other plant model species (Huang et al. 2018; Xu et al. 2018),
cis-acting lincRNAs exhibited positive correlations with their
neighboring PCgenes in our rice materials. Given the abnormal
phenotypes of OsSMET1-2~/~ (Hu et al. 2014), it will be interesting
to construct IncRNA and/or PCgene mutants with which to char-
acterize the specific functions of IncRNAs in the regulation of
PCgene expression and to identify their potential roles in under-
pinning the observed phenotypes. As in other plant studies
(Li et al. 2014; Li et al. 2017; Huang et al. 2018; Gao et al. 2020), the
potential trans-acting functions of IncRNAs in the regulation of
gene expression at independent or distant loci were not explored
in this study. Any potential trans-action of IncRNAs on their part-
ners, any possible physical interactions between them, and any
effects of DNA methylation on these processes deserve further
detailed exploration.

Data availability

The non-coding RNA sequencing data and small RNA sequencing
data had been deposited and available in the NCBI
(PRINA629903). LncRNA (lincRNA and IncNAT) profiles with in-
formation about location and coding ability are available in
Supplementary File S1. Supplementary material available at fig-
share: https://doi.org/10.25387/g3.14034515.
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