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The CMT2 and RNA-directed DNA methylation (RADM) pathways
have been proposed to separately maintain CHH methylation in spe-
cific regions of the Arabidopsis thaliana genome. Here, we show that
dysfunction of the chromatin remodeler DDM1 causes hundreds of
genomic regions to switch from CMT2 dependency to RADM depen-
dency in DNA methylation. These converted loci are enriched at the
edge regions of long transposable elements (TEs). Furthermore, we
found that dysfunction in both DDM1 and RADM causes strong reac-
tivation of TEs and a burst of TE transposition in the first generation
of mutant plants, indicating that the DDM1 and RADM pathways
together are critical to maintaining TE repression and protecting ge-
nomic stability. Our findings reveal the existence of a pathway
conversion-based backup mechanism to guarantee the maintenance
of DNA methylation and genome integrity.
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NA methylation, which refers to the addition of a methyl
group to the cytosine bases of DNA to form 5-methylcytosine,
is a conserved epigenetic mark important for gene regulation and
the silencing of transposable elements (TEs) and other repeats
(1-4). In plants, DNA methylation occurs in three sequence con-
texts: CG, CHG, and CHH, where H is any nucleotide except G.
DNA methylation in all sequence contexts is established de novo by
the RNA-directed DNA methylation (RdADM) pathway (1, 4-6).
Once established, DNA methylation patterns are stably maintained
following DNA replication by different mechanisms depending on
the sequence context. CG methylation is maintained by MET], the
plant homolog of DNMT1, which recognizes hemimethylated CG
dinucleotides following DNA replication and methylates the un-
modified cytosine on the daughter strand (7, 8). Maintenance of
CHG methylation is catalyzed by CMT3 and is strongly associated
with dimethylation of lysine 9 on histone 3 (H3K9me2) (9, 10). The
histone methyltransferases KYP, SUVHS, and SUVH6 bind to
methylated CHG sites and catalyze H3K9me?2 deposition (11, 12);
in turn, CMT3 binds to H3K9me2, catalyzing the methylation of
CHG sites. This interdependence forms a self-reinforcing loop to
maintain repressive CHG methylation and H3K9me2 marks (13).
Two different pathways, RADM and CMT2, maintain CHH
methylation of specific loci, depending on the genomic context
(14, 15). The RdADM pathway relies on two plant-specific multi-
subunit DNA-dependent RNA polymerases, Pol IV and Pol V. At
RdDM target loci, Pol IV generates short P4-RNAs (26 to 50 nt)
that are converted into double-stranded RNA (dsRNA) by RDR2
and subsequently processed into 24-nt siRNAs by DCL3 (16-18);
other DICER-LIKE proteins (DCL1, DCL2, and DCL4) can
process the P4-RNAs into 21- or 22-nt siRNA in the absence of
DCL3 (16-18). Then, the 24-nt siRNAs are loaded into AGO4 or
AGO6 and pair with complementary scaffold RNAs, nascent
transcripts produced by Pol V. The resulting complex recruits the
DNA methyltransferase DRM2 to catalyze CHH methylation
(19). P4-RNAs can also mediate CHH methylation in the absence
of the DCLs, a process that is referred to as the Dicer-
independent RdDM pathway (17, 18). RdDM maintains CHH
methylation at euchromatin regions (short TEs and other repeats
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in chromosome arms) and at the edge of long TEs, which are
usually located in heterochromatin (15). By contrast, CMT2
maintains CHH methylation at heterochromatin regions and in
the body of long TEs (15).

Maintenance of DNA methylation in heterochromatin in all
sequence contexts also requires the nucleosome remodeling protein
DDM1 (15, 20-23). DDMI1 can act as a “wrench” to open H1-
containing heterochromatin, allowing DNA methyltransferases to
access the DNA (15, 24). Without DDM1, DNA methyltransferases
cannot efficiently methylate the inaccessible heterochromatic re-
gions, leading to hypomethylation in all sequence contexts. Recent
studies found that DDM1 can deposit the histone variant H2A.-W
to prevent transposon mobility (25). Repeated self-pollination of
loss-of-function ddml mutants results in ectopic non-CG methyl-
ation (26). Extensive hypomethylation in heterochromatic regions in
ddml causes genome-wide TE transcriptional activation (27) and
triggers the onset of RNA interference (RNAi) mechanisms to
cleave the TE mRNA into a 21- to 22-nt siRNA (28, 29). Studies on
ddmI mutants have led to the discovery of two distinct branches of
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RdDM, RDR6-RADM and DCL3-RdDM, implying that the di-
versity of RADM mechanisms is masked by DDM1 (28, 30, 31).
Although the molecular function of DDM1 is well described, its
interaction with RADM in regulating DNA methylation, and why its
mutation causes TE transposition only after several generations of
inbreeding (32-34), remain open questions.

Here, we analyzed the DNA methylomes, transcriptomes, and
TE movement in Arabidopsis thaliana plants lacking DDM1 and
RdDM. We discovered that CHH methylation in many genomic
regions in the ddml mutant is maintained through pathway

conversion from CMT2 to RADM. Analyses of Pol IV occupancy
and 24-nt siRNA levels confirmed the pathway conversion in these
specific regions. Loci showing a change from CMT2- to RADM-
dependent CHH methylation are enriched at the edges of long
TEs. RNA-sequencing (RNA-seq) results demonstrate that this
pathway conversion is essential to preventing TE reactivation;
further, blocking this switch leads to a burst of TE transposition in
the first generation of the corresponding mutants, indicating an es-
sential role of the pathway conversion in the protection of genomic
stability. Our results reveal a phenomenon of DNA methylation
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Fig. 1. Mutation in DDM1 induces a conversion of CMT2-methylated loci to RADM-methylated loci. (A) Overlap between CHH hypo-DMRs from mutants in
the RADM pathway and the cmt2 mutant. (B) Heatmap of CHH methylation levels in RADM loci and CMT2-to-RdDM loci. Rows represent data for each in-
dicated genotype; columns represent genomic loci. Columns were sorted by complete linkage hierarchical clustering with Euclidean distance as a distance
measure. The 866 CMT2-to-RdDM loci were used for the heatmap on the Right; for easy comparison we randomly selected 866 loci from the 8,103 RdDM loci
to make the heatmap on the Left. (C) Screenshots of CHH methylation levels and NRPD1 ChIP-seq signals over representative RdDM (Left) and CMT2-to-RdDM
(Right) loci. “rep1” and “rep2” indicate different biological replicates. Black dotted boxes indicate RADM loci or CMT2-to-RdDM loci. Genes and TEs oriented
5 to 3’ and 3’ to 5’ are shown above and below the line, respectively. The numbers in parentheses indicate y axis scales. (D) Metaplot and heatmap of
NRPD1 ChIP-seq signals in RADM loci, CMT2-only loci, and CMT2-to-RdDM loci. As in B, we randomly selected 866 loci from the 8,103 RdDM loci and
9,846 CMT2-only loci to make the corresponding metaplots and heatmaps. (E) Levels of 24-nt siRNA at RdDM, CMT2-only, and CMT2-to-RdDM loci in WT and
ddm1. The horizontal line within the box represents the median; the whiskers extend to 1.5 times the interquartile range; and the lower and upper
boundaries of the box represent the first and third quartiles, respectively.

He et al.
Pathway conversion enables a double-lock mechanism to maintain DNA methylation and
genome stability

20f8 | PNAS
https:/doi.org/10.1073/pnas.2107320118


https://doi.org/10.1073/pnas.2107320118

pathway conversion that is critical for the maintenance of genomic
stability.

Results

Mutation in DDM1 Induces a Conversion from CMT2-Methylated Loci
to RdDM-Methylated Loci. To investigate potential genetic inter-
actions between the CMT2 and RdDM pathways, we generated
single-base resolution maps of the DNA methylomes of the nrpd]i,
nipel, cmt2, ddmi, ddml nrpdl, ddml nrpel, and ddml cmt2 mu-
tants (SI Appendix, Table S1). Because the major function of both
the canonical RADM pathway and the CMT2 pathway is the
maintenance of methylation in the CHH context, we compared the
CHH methylation levels between each of these mutants and the
wild type (WT). Based on these comparisons, we identified 10,410
differentially methylated regions (DMRs) that were CHH hypo-
methylated (CHH hypo-DMRs) in both nrpdl and nrpel mutants
compared with the WT, hence RdADM dependent (Fig. 14). Simi-
larly, 13,019 CHH hypo-DMRs were uncovered in the cmt2 mutant,
therefore considered CMT2 dependent (Fig. 14). Only limited
overlap (2,307) was found between CHH hypo-DMRs from nrpd!
or nrpel and cmt2, suggesting that the RADM and CMT?2 pathways
function mainly to maintain CHH methylation at separate loci in
the WT background (Fig. 14). Hereafter, the CHH hypo-DMRs
found in nrpdl and nrpel only and those found in cmit2 only are
referred to as RdADM-methylated loci (RADM loci) and CMT2-
methylated loci (CMT2 loci), respectively (Fig. 1 A and B). Ac-
cordingly, the CHH hypo-DMRs found in the overlap between
these mutants are referred to as RADM and CMT?2 co-methylated
loci (RADM-and-CMT?2 loci) (Fig. 14 and SI Appendix, Fig. S1B).
Surprisingly, we found that CHH methylation at 866 CMT2-
methylated loci is lost in ddmi nrpdl and ddmli nipel double mu-
tants, but is not changed in ddml cmt2 relative to ddml (Fig. 1 A
and B). These results indicate that the ddm! mutation causes CHH
methylation at these 866 CMT2 loci to be dependent on the RADM
pathway. Therefore, we classified the CMT2 loci into two categories
1): CMT2-only loci, at which CHH methylation is maintained
by CMT2 in both WT and ddml backgrounds; and 2) CMT2-to-
RdDM loci, at which CHH methylation is methylated by CMT2 in
the WT background but by RADM in ddm! (Fig. 14). To confirm
that the CMT2-to-RdDM loci and RdDM loci are bona fide
RdDM targets, we determined the genome-wide profile of Pol IV
occupancy in WT and ddml mutant backgrounds via chromatin
immunoprecipitation followed by sequencing (ChIP-seq) using a
previously characterized NRPD1-tagged line (35) and a line where the
PNRPDI::NRPDI-3XFlag was introgressed into the ddm1 background
(SI Appendix, Table S2). Consistent with our DNA methylation data,
Pol IV was enriched at the defined RADM loci in both the WT and
ddml mutant backgrounds (Fig. 1 C and D and SI Appendix, Fig.
S1C). As expected, enrichment of Pol IV occupancy was not found at
CMT2-only loci in either the WT or ddmli background (Fig. 1D).
However, enrichment of Pol IV was detected at CMT2-to-RdDM loci
in the ddm1 background but not in the WT (Fig. 1 C and D).

We downloaded available siRNA sequencing (siRNA-seq)
data (29) and analyzed the 24-nt siRNA levels, a hallmark of the
RdDM pathway. Consistent with Pol IV occupancy, the 24-nt
siRNA levels from RdDM loci were substantially higher than
those from CMT?2-only loci and CMT2-to-RdDM loci in the WT
background (Fig. 1E). However, in ddml mutant plants, the
24-nt siRNAs at CMT2-to-RdDM loci increased to levels com-
parable to those of the RADM loci, whereas the 24-nt siRNAs at
CMT2-only loci remained low (Fig. 1E). These results demon-
strate that the loss of function of DDMI1 induces a pathway
conversion from CMT2 to RdDM in hundreds of genomic re-
gions, suggesting that the pathway determining DNA methyl-
ation maintenance at certain genomic loci can switch depending
on DDM1 function. We propose that the CMT2-to-RdDM loci
represent a variant of the RADM pathway that is induced by
ddm1 loss of function.
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Characterization of the CMT2-to-RdDM Loci. We characterized and
compared the genetic features of RADM, CMT2-only, and
CMT?2-to-RdDM loci. Both CMT2-only and CMT2-to-RdDM
loci are highly enriched in pericentromeric regions, whereas RADM
loci are predominantly distributed along the chromosome arms
(Fig. 24). As expected, TEs are overrepresented in the RdDM,
CMT2-only, and CMT2-to-RdDM loci (Fig. 2B). TEs overlapping
with CMT2-only and CMT2-to-RdDM loci are enriched in retro-
transposons, particularly LTR/Gypsy retrotransposons (Fig. 2C).
Consistent with a previous observation that CHH methylation of
Athila6A transcription start site is maintained by CMT2 and DRM2
in the WT and ddmI backgrounds, respectively (31), we found that
40 CMT2-to-RdDM loci belong to AthilabA TEs (SI Appendix,
Table S3). On average, the size of TEs overlapping with CMT2-only
loci and CMT2-to-RdDM loci is significantly longer than that of
TEs overlapping with RdDM loci, with the average size of TEs in
CMT2-to-RdDM loci being the longest (Fig. 2D). TEs overlapping
with RdDM loci were mostly short (<2 kb), whereas the TEs
overlapping with CMT2-only loci and CMT2-to-RdDM loci were
enriched in long TEs (>2 kb) (Fig. 2E). We compared CMT2-only
loci and CMT2-to-RdDM loci with regard to their loci density along
>4-kb TEs and found that the CMT2-to-RdDM loci are concen-
trated at the edges, whereas the CMT2-only loci are in the bodies of
TEs, as expected (Fig. 2F).

The CMT2-to-RdDM Pathway Is Required for the Repression of TE
Transcription and Transposition. To shed light on the significance
of the pathway conversion from CMT2 to RdDM in plants lacking
DDM1, we performed RNA-seq in ddml, ddml nipdl, ddml
nipel, and ddm1 cmit2 mutants (SI Appendix, Table S4 and Fig. S2)
and also analyzed publicly available RNA-seq data of WT, nrpd|,
nrpel, and cmi2 (14, 36). The RNA-seq analysis revealed that a
few TEs associated with RdDM loci are derepressed in nrpdl or
nrpel compared with WT (Fig. 34). TEs associated with CMT2-
only loci are rarely derepressed in cmit2 relative to WT (Fig. 3C).
In sharp contrast, a large proportion of TEs associated with
CMT2-to-RdDM loci are reactivated in ddml nrpdl or ddml
nrpel relative to ddml (Fig. 3 B and E). We compared the RNA-
seq reads of TEs associated with CMT2-to-RdDM loci between
ddml cmt2 and ddml and found that very few TEs were reac-
tivated in ddml cmt2 relative to ddml (Fig. 3D).

To examine whether reactivation of TEs in plants lacking
DDMI1 and deficient in RADM may result in TE transposition,
we generated whole-genome DNA sequencing (DNA-seq) data
from WT, nrpdl, ddml, nipdl ddml, and ddmi cmit2 plants (SI
Appendix, Table S5). To avoid the inbreeding effect on TE
transposition in ddml, we only used seeds from the first gener-
ation of homozygous plants that were obtained from heterozy-
gous parents. A schematic representation of the strategy used for
the generation of materials for DNA-seq is shown in ST Appen-
dix, Fig. S3. By analyzing the DNA-seq data, 11 and 22 putative
TE transposition events were identified in ddml nrpdl individ-
uals #1 and #2, respectively (Fig. 44 and SI Appendix, Table
S6). We tested 8 of these putative events by PCR and all 8 events
were confirmed (Fig. 4 B and C and SI Appendix, Fig. S4). Al-
though 2 putative TE transposition events were identified in the
DNA-seq data of ddml c¢cmt2 plants (SI Appendix, Table S6),
these events could not be confirmed by PCR (SI Appendix, Fig.
S5). The 33 insertion events could be classified into five cate-
gories of TE subfamilies, encompassing both retrotransposons
(ATCOPIA21, ATCOPIA93, and ATGP2N) and DNA trans-
posons (ATENSPM3 and VANDALZ21) (Fig. 44). On average,
the expression levels of transposed TE subfamilies in ddml nrpd1
and ddm1 nrpel are higher compared with the other genotypes
(SI Appendix, Fig. S6), suggesting that the TE transposition is
correlated with its expression level. AT1TE41580 and AT1TE42210
were found to have transposed within the first homozygous gener-
ation in ddml nrpdl plants, while the remaining TEs may have
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Fig. 2. Characterization of RdDM, CMT2-only, and CMT2-to-RdDM loci. (A) Distribution of RdDM loci, CMT2-only loci, and CMT2-to-RdDM loci across
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transposed either within the first homozygous generation or after
only one generation of selfing (Fig. 4 B and C and SI Appendix, Fig.
S4); some TEs transposed more than once (Fig. 44). Among the
five TE subfamilies showing transposition in ddml nrpdl mutant
plants, one subfamily corresponds to the CMT2-to-RdDM type of
loci, while three subfamilies correspond to RADM loci (Fig. 4 D and
E). These results suggest that the RADM pathway becomes critical
to preventing TE transposition and protecting genomic stability in
plants lacking DDM1.

Discussion

Multiple DNA methylation pathways exist to maintain DNA
methylation throughout the genome to ensure that transposons
remain in a silenced state, hence protecting genome integrity, as
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well as preserving cell-specific DNA methylation identity after
cell division and across generations (1, 2, 4, 37-39). To date, a
“static” model is accepted, according to which DNA methylation
at a given site in the genome is maintained by a specific pathway.
For example, CHH methylation at the body of long TEs or
heterochromatic regions is maintained by CMT2, while at the
regions located at the edges of some long TEs or euchromatic
regions, it is maintained by the RADM pathway. Here, a careful
examination of RADM- and CMT2-methylated loci in WT and
ddml mutant plants led us to identify a relationship between the
CMT2 and the RdDM pathways in plants lacking DDMI.
Maintenance of CHH methylation in hundreds of regions was
subjected to a pathway conversion from CMT2 to RdDM in the
ddml mutant background (Fig. 1 4 and B). We analyzed genomic
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regions in four categories: RADM loci, RdADM-and-CMT?2 loci,
CMT2-only loci, and CMT2-to-RdDM loci (Fig. 14). By analyzing
the Pol IV occupancy and 24-nt siRNA levels, we confirmed that
CMT2-to-RdDM loci are bona fidle RADM targets in the ddml
mutant background (Fig. 1 C-E). Our results suggest that the path-
way maintaining DNA methylation at a given site can switch
depending on the activity of the chromatin remodeling factor DDMI.

Previous studies demonstrated that repeated self-pollination
of ddmI induces ectopic non-CG methylation at a few unmethy-
lated loci; recent studies in other species demonstrated that loss of
DDM1 function leads to the global production of 24-nt siRNA
and CHH methylation, implying that other types of DNA meth-
ylation pathway conversion may exist (26, 40-45). The ddmli-
induced pathway conversion is reminiscent of the compensatory
effect observed in DNA-deficient mutants, where suppression of
the expression of the genes encoding the DNA demethylase ROS1
and/or the H3K9 demethylase IBM1 cause ectopic DNA hyper-
methylation, compensating for the loss of DNA methylation
(46-49). The pathway conversion from CMT2 to RdDM can also
to some extent compensate for the decreased DNA methylation in
the ddm1 background. Thus, we propose that this switch could be
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an additional homeostatic mechanism to buffer the loss of repressive
chromatin marks.

We found that simultaneous loss of DDM1 and RdDM
functions led to a burst of transposition of both retrotransposons
and DNA transposons in the first homozygous generation of the
corresponding mutants (Fig. 4 and SI Appendix, Fig. S4 and
Table S6). Considering that the expression of several core
components of the RADM pathway, including NRPD1, NRPE],
and DRM2, is repressed during male gametogenesis (50, 51), we
propose that mutation in DDM1 can generate a small window where
the plant lacks both DDM1 and RdDM during sexual reproduction.
In one generation, the probability of TE transposition in the small
window of male germ cells in the ddmI mutant is low, and thus it is
rarely detected. However, continuous inbreeding of ddml! would
lead to increases in the chances of TE transposition. This model may
explain the long-standing observation that ddml causes TE trans-
position only after several generations of inbreeding.

Taken together, our results suggest that plants have evolved a
“double insurance” mechanism to protect genomic stability: in
the absence of RdADM competency, DDM1-dependent DNA
methylation maintenance pathways keep TEs silenced in
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heterochromatin; in the absence of DDM1 function, RdADM
pathways including the CMT2-to-RdDM pathway can repress
TE transposition. Interestingly, DDM]I expression is drastically
reduced under certain stresses (e.g., osmotic stress or infection
by virulent bacteria) (51), suggesting that the pathway conversion
described here may become important in specific environmental
conditions. Transposon 24-nt siRNAs and CHH methylation in
heterochromatin regions, which are controlled by the CMT2
pathway, are dynamically regulated during Arabidopsis embryo-
genesis (52); it is hence also possible that the CMT2-to-RdDM
pathway conversion described here may play a role in suppressing
transposons at this stage of the plant life cycle.

Methods

Plant Materials and Growth Conditions. All plants were grown under long-day
conditions (16 h light/8 h dark). For seedling growth, Arabidopsis seeds were
plated on 1/2 Murashige and Skoog (MS) medium with 0.6% agar and 1.5%
sucrose and stratified for 7 d at 4 °C in darkness before being transferred to
the growth chamber (16 h light/8 h dark, 22 °C). For experiments with adult
plants, 14-d-old seedlings were transplanted to soil in the growth chamber.
All mutant lines used in this study are in the Columbia-0 (Col-0) background.
The following mutants have been described previously: nrpd1-3 (53), nrpel-
11 (54), ddm1-1 (21, 55), and cmt2-3 (15). The double mutants used in this
study were generated by genetic crossing and subsequent PCR-based gen-
otyping in F2 populations.

Published Genomic Data. siRNA datasets were taken from ref. 29; data for
cmt2 and its WT RNA-seq were taken from ref. 14; and data for WT, nrpd1,
and nrpel RNA-seq were taken from ref. 36.

PCR Assay. To confirm new transposon insertions, PCR was performed with a
transposon-specific primer and a primer flanking the new insertion or with
two primers flanking the new insertion. The DNeasy Plant Mini Kit (Qiagen)
was used for DNA extraction. All PCR reactions were carried out using Ex-Taq
enzyme (Takara). Primer sequences are listed in S/ Appendix, Table S7.

Whole-Genome Bisulfite Sequencing. Genomic DNA was extracted from
2-wk-old seedlings using the DNeasy Plant Maxi Kit (Qiagen). Bisulfite
treatment, library construction, and sequencing were performed at the
Shanghai Center for Plant Stress Biology (PSC) Genomics Core Facility. For meth-
ylation data, low-quality sequences and adaptors were trimmed using Trimmo-
matic with parameters “LEADING: 3 SLIDINGWINDOW: 4: 30 minLEN: 36,” and
clean reads were mapped to the A. thaliana TAIR 10 genome using the bisulfite
sequence mapping program (BSMAP) with parameters “-v 2 -S 1,” allowing two
mismatches (56-58). The methratio.py script from BSMAP with parameters “-r -z -p
-m 1" was used to extract the methylation ratio from mapping results; only
mapped reads after deduplication were considered for subsequent analyses.

Identification of Differentially Methylated Regions. Identification of CHH
DMRs was conducted as previously described with some modifications (59). In
brief, for each comparison, only CHH cytosine with a depth of more than four in
both libraries were retained for further analyses. In every 200-bp window with a
step size of 50 bp, the P value was computed and adjusted for multiple testing
using the Benjamini and Hochberg method (60) to control for false discovery,
and positions with a false discovery rate (FDR) higher than 0.05 were discarded.
Windows with a threefold change or greater in DNA methylation level and four
more differentially methylated cytosines (DMCs), defined as CHH cytosine with
twofold or greater change in DNA methylation level, were further retained and
merged to generate DMRs. Finally, the length of DMRs was adjusted to be from
the first methylated CHH to the last methylated CHH in WT. Two independent
biological replicates were merged for the identification of DMRs. DMR density
over chromosomes was calculated by the number of DMRs identified in 100-kb
bins across chromosomes divided by the number of DMRs in the corresponding
chromosome. A similar calculation was used for counting TE and gene density
over chromosomes. To rule out a random distribution of DMRs, control regions
with the same numbers of DMRs were selected by the shuffleBed command in
BEDTools (61). Enrichment analysis for the type and length of TEs associated with
indicated loci was conducted using Fisher’s exact test by comparing them with
TEs associated with control regions.

RNA-Seq and Analysis. Total RNA was extracted from 2-wk-old seedlings using

the RNeasy Plant Mini Kit (Takara). RNA library preparation and paired end
sequencing were performed by the PSC Genomics Core Facility. For data
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analysis, low-quality sequences and adaptors were trimmed using Trimmo-
matic. Clean reads were mapped to the reference genome by TopHat with
the parameter “-g 1” (62). The total number of reads mapping to each gene
was calculated with the htseqg-count script in HTSeq with the parameter
“—nonunique all,” to minimize overestimation of TE expression caused by
overlapping genes; read counts for each TE were calculated by htseq-count
with parameters “—nonunique all -m intersection-strict” based on the TE-
only annotation (63). RNA-seq data for WT, nrpd1, nrpel, and WT, cmt2
were downloaded from GSE98286 (36) and GSE51304 (14), respectively, and
analyzed in the same manner. Genes and TEs with a normalized expression
level of at least one count per million mapped reads (CPM) in three or more
libraries were considered as expressed. Principal component analysis (PCA)
based on the transcript levels of the expressed protein-coding genes and TEs
was performed using the prcomp function in R software with default set-
tings. Differentially expressed TEs with at least a twofold change in ex-
pression and an FDR of <0.05 were identified by the R package edgeR using
the trimmed mean of M-values (TMM) method (64).

ChIP-Seq and Data Analysis. Seedlings were cross-linked with 1% formalde-
hyde, and ChIP-seq was performed as previously described (65) with anti-
Flag antibodies (Sigma, F3165). Library preparation and sequencing were
performed by the PSC Genomics Core Facility. For data analysis, around 15.2
million raw paired-end reads were obtained for each sample and subsequently
cleaned by Trimmomatic. Clean reads were mapped to the reference genome
by Bowtie2 using the parameter “-very-sensitive —-no-unal -no-mixed -no-
discordant -k 2" (66). Subsequently, uniquely mapped reads were selected
and marked as duplicates using the Picard tool followed by using the
SAMtools “rmdup” command (67, 68). Coverage of deduplicated reads
was normalized to 1x sequencing depth by bamCoverage in deepTools
with parameters “-normalizeUsing RPGC —exactScaling -bs 10” (69). Log
transformed normalized coverage of treated samples to control sample were
obtained by bigwigCompare in deepTools with parameters “—skipZeroOverZero
-bs 10.” Visualization of the log, transformed coverage over the upstream and
downstream 5 kb of DMRs was performed by plotHeatmap in deepTools.

DNA-Seq and Identification of Nonreference TE Insertions. The DNeasy Plant
Mini Kit (Qiagen) was used for DNA extraction. Library construction and
sequencing were performed at the PSC Genomics Core Facility. Identification
of nonreference TE insertions with target site duplications (TSDs) was con-
ducted using SPLITREADER with some modifications (70). In brief, after trimming
low-quality sequences and adaptors using Trimmomatic, clean read pairs were
mapped to the reference genome using Bowtie2 with the parameter “-very-
sensitive.” Subsequently, unmapped reads from both pairs, including discordantly
mapped reads, were extracted and merged together. Those unmapped reads
were remapped to a collection of 5 and 3’ TE sequence extremities (300 bp) with
parameters “~local —very-sensitive” (TE families like ARNOLDY2, ATCOPIA62,
ATCOPIA95, TA12, and TAG1 families were excluded, since they do not contain
copies with intact extremities in the Col-0 genome) (70) and reads with soft-
clipped mapping (with one end 20 nt or greater mapped to the TE extremity)
were selected. Those selected reads were further recursively soft clipped by 1 nt
and mapped to the reference genome using Bowtie2 with parameters “—mp
13 -rdg 8,5 -rfg 8,5 —local -very-sensitive” until the soft-clipped read length
reached 20 nt. For the clipped reads that are simultaneously mapped to TE ref-
erence and reference genome, we further required that the other pair of the
clipped read was also mapped and met one of the following criteria: 1) the other
pair was properly mapped (insertion size less than 3,000 bp and on the opposite
strand) to the reference genome; 2) the other pair was properly mapped to the
same TE reference; and 3) the other pair was also clipped mapped for the same TE
reference and reference genome on the opposite strand. Around the TSD inser-
tion sites, read clusters composed of four or more reads clipped from the same
extremity and overlapping with read clusters composed of reads clipped from the
other extremity were taken to indicate the presence of a bona fide TE insertion
only if the size of the overlap was more than 3 and less than 20 bp. Putative
nonreference TE insertions overlapping with aberrant genomic regions [3 kb
away from the centromeric region based on Repbase annotation (71), 3 kb away
from the extremities of each chromosome and regions within 500 bp of “NNNN"
sequence] or spanning the corresponding donor TE sequence were filtered out.
Nine insertion sites were identified in WT, ddm1, and nrpd1; these insertions were
also filtered out in ddm1 nrpd1 and ddm1 cmt2.

Small RNA-Seq Data. Small RNA-seq data for WT and ddm1 were obtained
from GSE52952 (29). After eliminating 3’-adapter sequences by the Cutadapt
tool (72), the remaining clean sRNA reads of size 18 to 30 nt were aligned to
the reference genome using Bowtie with parameters “-m 1 -v 0 —best” re-
quiring nonmismatch unique mapping. The 24-nt small RNA abundance of
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DMRs was calculated by counting 24-nt small RNA reads normalized to per
million mapped reads per 1,000 bp of the DMR.

Data Availability. All high-throughput sequencing data generated in this
study have been deposited in the Gene Expression Omnibus database with
accession code GSE165877. All data supporting the findings of this study are
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