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Abstract

DNA methylation dynamics
during plant regeneration

and embryogenesis

Seunga Lee
School of Biological Sciences
The Graduate School

Seoul National University

Plant regeneration and embryogenesis share a fundamental reliance
on dynamic epigenetic reprogramming, particularly through DNA
methylation. This study employs whole—genome bisulfite sequencing
(WGBS), RNA sequencing, and small RNA (sRNA) profiling to
elucidate the intricate epigenetic dynamics underlying these
processes in Arabidopsis thaliana. Plant regeneration involves
significant reprogramming of DNA methylation patterns as
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differentiated leaf tissues transition into pluripotent calli, eventually
leading to shoot formation. During callus formation, pericentromeric
transposable element (TE) regions undergo hypomethylation,
predominantly in the CHH context (where H represents A, T, or C)
and to a lesser degree in CG, while genic regions exhibit CG
methylation redistribution enabling cellular reprogramming. The
subsequent shoot regeneration phase is marked by widespread
methylation across all cytosine contexts in pericentromeric TEs and
dynamic CG methylation shifts in genic regions. These epigenetic
alterations are critically regulated by the DEMETER (DME) DNA
demethylase, which interacts with ROS1 and RNA—directed DNA
methylation (RADM) pathways to maintain methylation balance. DME
mutation leads to altered methylation patterns and enhanced callus
and shoot regeneration, highlighting its role as an epigenetic
safeguard against TE activation and genomic instability during in vitro
regeneration. During embryogenesis, CHH methylation levels
gradually increase through a conserved mechanism observed across
dicotyledonous plants, involving both RdADM and RNA —independent
CHROMOMETHYLASE 2 (CMT2) pathways. This process features
two developmental waves of sSRNA accumulation from TEs, driving
the coordinated expansion of CHH—methylated regions and sRNA
clusters. CHH Methylation spreads through both sRNA—dependent
lengthening of consecutively methylated loci and sSRNA —independent
mechanisms, particularly in centromeric regions. These findings
underscore conserved principles of DNA methylation dynamics in
regulating developmental plasticity and genomic stability. While plant
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CG methylation remains relatively stable, the observed CHH
methylation resetting during both plant regeneration and embryonic
development mirrors mammalian CG methylation dynamics during
embryogenesis. This comparative analysis provides critical insights
into context—specific epigenetic strategies governing cell fate
transitions, offering a framework for manipulating plant regeneration
efficiency and understanding evolutionary conservation of epigenetic
regulation. Collectively, this study advances our understanding of
plant developmental biology and has potential implications for crop
improvement, such as enhancing tissue culture techniques for plant
breeding and developing strategies to maintain genomic stability

during biotechnological manipulations.
Keyword: DNA methylation, Epigenetics, Plant regeneration,

Embryogenesis, DEMETER, Arabidopsis thaliana
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Chapter 1. DNA methylation dynamics and
effect of DEMETER DNA demethylase during
Arabidopsis regeneration

1.1. Introduction

Somatic cells in plants possess a distinctive capacity for
dedifferentiation, enabling the induction of de novo organs. This
remarkable property has been a cornerstone of in vitro tissue culture
techniques. On auxin—rich callus—inducing medium (CIM), tissue
explants form a pluripotent callus, which differentiates into de novo
shoots upon transfer to shoot—inducing medium (SIM) (Figure 1)
(Skoog & Miller, 1957). During callus formation, pericycle—like cells
serve as the origin, with root founder cells proliferating to generate
a cell mass resembling lateral root primordia on CIM (Atta et al., 2009;
Sugimoto et al., 2010). The establishment of root founder cells relies
on key transcription factors, WUSCHEL—-RELATED HOMEOBOX11
(WOX11) and WOX12 (Liu et al., 2014), which interact with AUXIN
RESPONSE FACTOR7 (ARF7) and ARF19 (Okushima et al., 2007)
to activate LATERAL ORGAN BOUNDARIES DOMAINs (LBDs) (Fan
et al., 2012; Feng et al., 2012), thereby promoting callus initiation
and proliferation. Root stem cell regulators such as PLETHORAs
(PLTs), SCARECROW (SCR), and WOX5 (Kareem et al., 2015; Kim
et al., 2018; Sugimoto et al., 2010) play critical roles in establishing
regenerative competence within the callus. Upon acquiring
pluripotency, incubation of the callus on SIM facilitates de novo shoot
regeneration.  Cytokinin  signaling mediated by Type—B
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ARABIDOPSIS RESPONSE REGULATORs (ARRs) activates
WUSCHEL (WUS), a key regulator involved in shoot meristem
formation (Meng et al., 2017; Zhang et al., 2017).

In both plants and vertebrates, cytosine methylation functions
as a vital epigenetic modification that contributes to the silencing of
transposable elements (TEs), the maintenance of genome stability,
and the regulation of gene expression (Jeddeloh et al., 1998; Law &
Jacobsen, 2010; Zilberman et al., 2007). Unlike mammals, plants
exhibit cytosine methylation at CG sites as well as CHG and CHH
sites, although CG methylation remains predominant (Law &
Jacobsen, 2010). In Arabidopsis thaliana, de novo DNA methylation
1S catalyzed by DOMAIN REARRANGED
METHYLTRANSFERASE1/2 (DRM1/2) via the small RNA —directed
DNA methylation (RdADM) pathway across all cytosine contexts (Cao
& Jacobsen, 2002; Matzke & Mosher, 2014).
METHYLTRANSFERASE1 (MET1) 1is an essential enzyme
maintaining CG methylation (Kankel et al., 2003), while
CHROMOMETHYLASE3 (CMT3) and CMTZ2 are responsible for
sustaining CHG and CHH methylation, respectively (Law & Jacobsen,
2010; Lindroth et al., 2001; Zemach et al., 2013).

Although DNA methylation is generally stable during cell
division to ensure genomic integrity, it undergoes dynamic
reprogramming, including active demethylation, during various
developmental processes (Heard & Martienssen, 2014; Ibarra et al.,
2012; Kim et al.,, 2019; Park et al., 2016; Sasaki & Matsui, 2008;
Schoft et al., 2011; Seisenberger et al., 2013; Seki et al., 2005). In
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Arabidopsis, this process is mediated by DNA glycosylase —domain
proteins, including DEMETER (DME), DEMETER-LIKE2 (DML2),
DML3, and REPRESSOR OF SILENCING1 (ROS1), through the base
excision repair pathway (Gehring et al., 2006; Ortega—Galisteo et al.,
2008; Penterman et al., 2007). While the rosl.dml2;dml3 triple
mutants develop relatively normally, the loss of DME function results
in severe developmental defects, including seed abortion and stunted
growth (Choi et al., 2002; Kim et al., 2021). This suggests that DME's
activity 1s essential for both reproductive and vegetative
development, though its roles during somatic growth remain
incompletely characterized.

While previous studies have identified changes in DNA
methylation during plant regeneration (Chakrabarty et al., 2003;
Grzybkowska et al., 2018; Shim, Lee, Park, et al., 2021; Stroud, Ding,
et al., 2013), the complete landscape and molecular mechanisms
underlying DNA methylation dynamics throughout the tissue culture
process remain unclear. This research characterizes DNA
methylation and transcriptomic dynamics in wild type Ler and dme—
2 mutants during two—step regeneration. The results suggest that
the DME demethylase contributes to non—CG methylation
maintenance in pericentromeric regions through the enhancement of
RdDM activity during regeneration. This underscores the interaction
between DME—driven demethylation and RdDM, providing valuable
insights into the epigenetic reconfiguration underlying DNA

methylation dynamics required for somatic cell reprogramming.
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Figure 1. Overview of in vitro plant regeneration process.

Various plant tissues, including true leaf, hypocotyl, and root, can
serve as explants for callus formation. Explants cultured on auxin—
rich callus—inducing medium (CIM) undergo dedifferentiation,
forming callus from pericycle—like cells. Transferring the callus to
cytokinin—rich shoot—inducing medium (SIM) or auxin—rich root—
inducing medium (RIM) drives differentiation, forming de novo shoots
or roots. Notably, de novo shoots arise from progenitor cells in the
middle layer of callus. The regeneration process involves sequential
culturing on CIM, SIM, and RIM to achieve fully developed
regenerants.
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1.2. Material and methods

1.2.1. Plant materials and growth conditions

In this study, the Ler ecotype of Arabidopsis thaliana wild type (WT)
and the dme—2 mutant were used. After germination on Murashige
and Skoog (MS) medium (Murashige & Skoog, 1962), the plants were
cultivated in an environmentally regulated growth room with long—
day conditions consisting of a 16—hour light/8 —hour dark cycle. The
growth room was maintained at a constant temperature of 22°C under

cool white fluorescent lights at an intensity of 100 pmol/m?/s.

1.2.2. Two—step plant regeneration

For callus induction, true leaves were collected from seedlings at 14
days after germination (DAG14) to serve as explants. Calli were
induced on CIM, which was composed of MS medium containing 0.5
ug/ml 2,4—dichlorophenoxyacetic acid (2,4—D) and 0.05 pg/ml
kinetin. The induction process was conducted at 22°C under
continuous dark conditions for 7 days. After 7 days of callus induction
(DAC7), the calli were transferred to a SIM, which consisted of MS
medium containing 0.9 umol/l 3—indoleacetic acid and 2.5 umol/l 2—
1sopentenyl adenine. The calli were then incubated on SIM for up to
two weeks at 22°C under long—day conditions to promote de novo

shoot formation.



1.2.3. Sample preparation for WGBS and transcriptome analysis

All samples were flash—frozen in liquid nitrogen and stored at —80°C
until further processing. For whole—genome bisulfite sequencing
(WGBS), four biological replicates each of leaf explants and de novo
shoots, and three replicates of calli were prepared. Transcriptomic
analyses were conducted using three biological replicates for each
sample type. DNA extraction was performed following the protocol
described by (Allen et al., 2006). The DNA methylome libraries were
prepared using the Pico Methyl—Seq Library Prep Kit (Zymo
Research, U.S.) and sequenced on the HiSegXten platform (Macrogen,
Korea). For RNA—seq, total RNA was extracted using the Qiagen
RNeasy Kit (Qiagen, Germany). Libraries were prepared with the
TruSeq Stranded mRNA Kit (Illumina, U.S.), and sequencing was

performed on the NovaSeq 6000 platform (Macrogen, Korea).

1.2.4. WGBS data processing

From WGBS, 150 bp paired—end sequencing reads were obtained and
processed using Trim Galore by removing 10 base pairs from the 5'
end and 5 base pairs from the 3' end. The reads were subsequently
filtered for low—quality and short reads (<40 bp) using Trimmomatic.
Sequence alignment was performed using hisatZ2 with Bismark
(option: —hisat2 —local) to map the processed reads to the
Arabidopsis ~ Ler  reference  genome  (accession  number
GCA_900660825) (Goel et al., 2019). The Bismark toolset was then
employed to remove PCR duplicates and extract methylation levels.

Analysis was performed on 50 bp windowed averages, Wi_lth each
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window required to contain at least three cytosines and a minimum
of five aligned reads. To quantify methylation levels, the number of
methylated cytosines was divided by the total cytosine count at each
position, with averages calculated across defined windows. The CT
conversion rate was assessed using the TAIR10 plastid sequence,
given that the Ler genome constructed by (Goel et al., 2019) did not

include plastid genomic information.

1.2.5. Identification of DMRs

Differentially methylated regions (DMRs) were identified using the R
package methylKit (Akalin et al., 2012). The average difference in
methylation levels and its standard deviation were calculated for each
50 bp window. A window was identified as a DMR based on two
conditions: (1) the methylation level difference was greater than one
standard deviation, and (2) the corresponding q—value was less than
0.05. This approach was applied to identify both stage DMRs and dme

DMRs.

1.2.6. RNA—Seq analysis
RNA—seq reads were aligned to the Arabidopsis Ler genome
(accession number GCA_900660825) (Goel et al., 2019) using STAR

"

(v2.7.10a) with the parameters "——pOverlapNbasesMin 12 ——
peOverlapMMp 0.1 ——twopassMode Basic" (Dobin et al.,, 2013).
Transcript abundance was quantified using RSEM (v1.3.1) (Li &

Dewey, 2011). Differential gene expression analysis was performed

using DESeq?2 (v1.34.0), with differentially expressed genes (DEGS)

5 " 1
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identified based on the criteria of |log2(fold—change)| > 1 and p—
value < 0.05 (Love et al., 2014). Gene Ontology (GO) enrichment
analysis of the DEGs was conducted using ShinyGO (v0.80) (Ge et
al., 2020). For the analysis of Ler and dme—2 seedlings, raw data
were obtained from the Gene Expression Omnibus (accession

number GSE164217) (Kim et al., 2021).

1.2.7. RT—qPCR

Using the QuantiTect Reverse Transcription kit (Qiagen, Germany),
cDNA was synthesized following the manufacturer's protocol. Real—
time quantitative PCR (RT—qPCR) was performed using the
SsoAdvanced Universal SYBR Green Supermix (Bio—Rad, U.S.) with

gene—specific primers (Table 1).
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Table 1. Primers used in real—time qPCR for key RdDM genes.

Primer name Sequence
ACT2-F 5 —CCTTTAACTCTCCCGCTATGT-3
ACT2-R 5 —GTAAGGTCACGTCCAGCAAG-3’
AGO1-F 5 —TCAAGCCCATCTATTGCTGC—-3’
AGO1-R 5 —ATCATGCCACCAGTCACCAC-3
AGO4—-F 5 —TGGATGGTAAAGAGTTTGCT-3’
AGO4-R 5 —CCATCACTTGGACTTTCATT-3
NRPDZ2-F 5 —GATGCTAGATATCCGCACCCC=3
NRPDZ2-R 5 —CAGCTCTTCCATTCCACAAGC-3
DRM1—-F 5 —TAGAGCAATTGAAGAAACCGC-3
DRM1—-R 5 —CATTCGTGATCTCTCCCACATCT=-3
DRMZ2-F 5 —AAAATGTGGATATTGCAGAG-3’
DRMZ2-R 5 —TCCTATCATTGGATTTGGTA-3’
NRPE1-F 5 —CATCCGTCTGCGTACCCTG=3’
NRPE1-R 5 —TCAACCGTGATGAAGTCAACG-3’




1.3. Results

1.3.1. Dynamics of global DNA methylation during the two—step
regeneration process

WGBS was conducted on leaf explants, DAC7 calli, and DAS14
regenerated shoots to examine the dynamics of DNA methylation
throughout the regeneration process (Figure 2). Average DNA
methylation levels were calculated for wild type samples using
probes across the whole genome, as well as those corresponding to
genes or TEs separately (Figure 3). The average levels of CG
methylation maintained stable patterns across the regeneration
process in both genes and TEs (Figure 3A—C). In contrast, CHG
methylation levels exhibited a gradual increase over the process of
regeneration, with a more pronounced elevation observed in TEs
during both callus formation and shoot regeneration (Figure 3D—F).
CHH methylation dynamics exhibited a distinctive pattern, notably in
TEs, throughout the regeneration process (Figure 3G—1). Initially, a
progressive reduction in CHH methylation levels was observed
during the callus formation phase. Subsequently, this trend reversed,
with CHH methylation levels increasing in de novo regenerated
shoots. This biphasic pattern of CHH methylation in TEs during two—
step plant regeneration bears a striking resemblance to the
methylation dynamics observed during embryogenesis. Early —stage
embryos exhibit characteristically low CHH methylation levels, which
progressively increase as development proceeds toward maturation

(Bouyer et al., 2017; Kawakatsu et al., 2017; Lee et al., 2023; Lin et
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al., 2017; Papareddy et al., 2020). The parallel between these two
developmental processes suggests a conserved epigenetic
mechanism governing cellular reprogramming and differentiation in
plants. These findings provide insights into the epigenetic
mechanisms underlying somatic cell reprogramming and plant

regeneration.
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CIM SIM
@ 1 week @ 2 weeks @
—_— _

Leaf explant

I

DACY callus DAS14 de novo shoot

Figure 2. Two—step regeneration method applied in this study.

Leaf explants from Arabidopsis thaliana (Ler wild type and dme—2
mutant) were collected 14 days post—germination (DAG14) and
cultured on callus—inducing medium (CIM) for 7 days to induce callus
formation. The calli were then transferred to shoot—inducing medium
(SIM) to facilitate the development of de novo shoots. Samples used
for this study included 14 DAG leaf explants, 7—day—old calli
(DAC7), and 14—day—old regenerated shoots (DAS14).
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Figure 3. DNA methylation patterns across genomic features during
Arabidopsis regeneration.

DNA methylation levels were analyzed across different genomic
features throughout the regeneration process in CG (A—C), CHG (D—
F), and CHH (G-I) sequence contexts. (A, D, G) Average
methylation levels in whole genome, genes, and transposable
elements (TEs) at leaf explant, callus, and de novo shoot. (B, E, H)
Methylation pattern within gene bodies and their flanking regions. (C,
F, ) Methylation pattern within TE bodies and their surrounding

regions.
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1.3.2. Considerable alterations in DNA methylation during plant
regeneration
Stage—specific differentially methylated regions (DMRs) were
identified to elucidate the extent and characteristics of methylation
dynamics during the regeneration process. DMRs between leaf
explants and callus were designated as 'c stage DMRs', while those
between callus and de novo shoots were termed 's stage DMRs'. A
considerable number of both CG ¢ hyper DMRs (21,592) and ¢ hypo
DMRs (26,659) were observed during the leaf—to—callus transition
(Figure 4), despite relatively stable global CG methylation levels
(Figure 3A). CG ¢ hyper DMRs showed predominant enrichment in
genic regions, while CG ¢ hypo DMRs were distributed roughly
equally between gene and TE regions (Figure 5A, D). CG ¢ hyper
DMRs displayed a relatively uniform distribution along the
chromosomes, while CG ¢ hypo DMRs showed a notable
concentration in pericentromeric areas (Figure 6A). This pattern
suggests two concurrent processes during leaf—to—callus transition:
a genome —wide redistribution of CG methylation in genic regions, and
a significant reduction of CG methylation in pericentromeric TEs.
Upon transfer of calli to SIM, a considerable increase in the
number of CG s stage DMRs was observed (Figure 4). CG s hyper
DMRs were enriched in pericentromeric TEs, while CG s hypo DMRs
were predominantly located in genic regions (Figure 5A, D, and 6A).
The results indicate a dynamic change in CG methylation,
characterized by hypomethylation in pericentromeric TEs during
callus formation and their subsequent hypermethylation during de
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novo shoot formation, along with the establishment of CG
hypomethylation in genes (Figure 7).

TEs exhibited a substantial concentration of non—CG
methylation (Figure 5B—D). Both non—CG hyper and hypo DMRs
displayed a notable accumulation within pericentromeric regions
(Figure 6B, C). For CHG methylation, hyper DMRs were
predominantly located in pericentromeric regions during shoot
formation (Fig. 4, 5B, 6B). In contrast, during callus induction, CHH
hypo DMRs (68,015) greatly outnumbered CHH hyper DMRs
(27,738), leading to global CHH hypomethylation (Figure 3G, 4),
primarily at pericentromeric TEs (Figure 5C, 6C). This implies that
callus originating from differentiated leaf tissue undergoes extensive
epigenetic reprogramming, particularly in CHH methylation. However,
after de novo shoot formation, the CHH methylation dynamics were
reversed (Figure 8), aligning with the observed global increase in
CHH methylation levels (Figure 3G—1). During this stage, s stage
DMRs exhibited a markedly higher number of CHH hyper DMRs
(51,116) (Figure 4A), which were concentrated in pericentromeric
TEs (Figure 5C, 6C). These findings highlight substantial genome—
wide changes in the DNA methylation throughout the two—step plant
regeneration process, characterized by extensive reprogramming of
CHH methylation during dedifferentiation and its subsequent

recovery during shoot formation.
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Figure 4. DMR counts of stage DMR during plant regeneration.

The total counts of stage—specific differentially methylated regions
(DMRs) across CG, CHG, and CHH sequence contexts during plant
regeneration are presented. DMRs between leaf explants and callus
are designated as 'c stage DMRs," while those between callus and de
novo shoots are termed 's stage DMRs.! Red bars indicate
hypermethylated DMRs (e.g., ¢ stage hyper DMR: higher methylation
in callus compared to leaf explants, or s stage hyper DMR: higher
methylation in de novo shoots compared to callus). Blue bars
represent hypomethylated DMRs (e.g., ¢ stage hypo DMR: lower
methylation in callus compared to leaf explants, or s stage hypo DMR:
lower methylation in de novo shoots compared to callus).
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Figure 5. Genomic feature distribution of stage DMRs during plant
regeneration.

(A—C) Distribution of stage DMRs across different genomic features.
(D) Genomic feature composition of the reference Arabidopsis Ler
genome shown for comparison. IGR represents intergenic regions,
and "gene & TE" indicates regions where genes and transposable

elements overlap.
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Figure 6. Chromosomal distribution of stage DMRs during plant

regeneration.

Distribution of stage DMRs across CG (A), CHG (B), and CHH (C)
contexts along chromosome 1 in 50 bp windows. Red lines represent
¢ stage DMRs (leaf—to—-callus transition), while green lines indicate
stage DMRs (callus—to—shoot transition). For each methylation
context, positive values indicate hypermethylated DMRs and negative
values represent hypomethylated DMRs.
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Figure 7. Genomic feature distribution of overlapping CG stage DMRs.

Venn diagram showing the overlap between CG ¢ stage hypo DMRs
(pink, 26.4%) and CG s stage hyper DMRs (green, 43.9%), with
14,099 regions (29.7%) shared between the two stages. The bar
graph compares the genomic feature composition of these
overlapping regions (n=14,099) to the whole genome distribution.
The overlapping regions predominantly consist of genes (55.5%),
followed by TEs (33.0%), IGRs (10.0%), and gene—TE overlap
regions (1.6%).
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Figure 8. DNA methylation dynamics of CHH ¢ stage DMRs during

plant regeneration.

Heatmaps showing methylation levels of CHH ¢ stage DMRs across
wild type leaf explants, callus, and regenerated shoots. Upper panel
represents hypermethylated DMRs and lower panel shows
hypomethylated DMRs identified during the leaf—to—callus transition.
Color scale indicates methylation levels from O (blue) to 20 (red).
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1.3.3. Global hypomethylation in pericentromeric regions in dme—2
mutant during shoot regeneration

The global methylation changes observed during wild type callus
formation and shoot regeneration led us to hypothesize that active
demethylation might contribute to DNA hypomethylation throughout
the regeneration process. Supporting this notion, DEMETER (DME)
exhibited the highest expression levels among various DNA
demethylases in both DAC7 callus and DAS14 shoots (Figure 9A—
B). Furthermore, dme—2 mutants formed significantly more calli and
de novo shoots than wild type (Kim et al., 2021), suggesting a crucial
role for DME in plant regeneration.

Subsequently, genome—wide DNA methylation patterns in
dme—2 mutants were analyzed and compared to those observed in
the wild type. Notably, dme —2 mutants displayed a global reduction
in methylation levels, particularly in non—CG contexts, throughout
the regeneration process (Figure 10A—C, 11). This hypomethylation
was strikingly apparent in the CHH context within TEs during shoot
regeneration (Figure 10C). Next, the DMRs between wild type and
dme—2 mutants were analyzed at each stage. Despite similar average
CG methylation levels (Figure 10A), each stage exhibited a
substantial presence of CG DMRs, including both hypermethylated
and hypomethylated regions. Remarkably, over 70% of these CG
DMRs were located in genic regions (Figure 12, 13A, D) and showed
a distribution pattern across chromosomal arms (Figure 14A). This
indicates that DME plays a vital role throughout regeneration by

maintaining appropriate CG methylation within genes. A siglgniflicant
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concentration of dme CG hypo DMRs in pericentromeric regions
suggests a potential indirect role of the dme—2 mutation (Figure
14A).

Unlike the gradual increase in CHG methylation levels seen
during wild type regeneration, dme —2 mutants exhibited consistently
stable CHG methylation levels, which ultimately led to CHG
hypomethylation (Figure 10B). This pattern was reflected in the
predominance of hypo DMRs among dme CHG DMRs (Figure 12),
which were primarily localized to pericentromeric TEs (Figure 13B,
14B). In the CHH context, wild type demonstrated a biphasic pattern
of CHH methylation during regeneration, characterized by an initial
decline followed by a subsequent increase. In contrast, dme—2
mutants exhibited a continuous reduction in CHH methylation levels,
leading to pronounced hypomethylation, particularly evident in de
novo shoots (Figure 10C). Notably, a significant proportion of dme
CHH DMRs were hypomethylated in de novo shoots, totaling 50,074
(Figure 12). These DMRs were predominantly derived from TEs
(Figure 13C) and showed a marked accumulation in pericentromeric
areas (Figure 14C).

Previous  studies demonstrated  that DME—driven
demethylation predominantly occurs at short, AT —rich TEs located
in euchromatic regions, as well as the peripheral areas of long TEs
(Frost et al., 2018; Ibarra et al., 2012). Reflecting these findings,
short TEs less than 500 base pairs in length were enriched in dme
hyper CG DMRs, whereas long TEs exceeding 2000 base pairs in

length were predominantly enriched in dme hypo DMRs across all
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cytosine contexts (Figure 15). This pattern was reflected in the
distribution of DMRs, with CG dme hyper DMRs predominantly
localized to the chromosomal arms, while CG dme hypo DMRs showed
a marked accumulation in pericentromeric areas (Figure 14A),
regions where long TEs are prevalent. Collectively, these findings
indicate that DME is essential not only for demethylating CG
methylation in genic regions but also for maintaining methylation
levels, particularly non—CG methylation and, to a smaller degree, CG
methylation, within pericentromeric TEs across all three stages of

the regeneration process.
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Figure 9. Expression levels of DNA demethylases in callus and de

novo shoot.

Expression levels of DNA demethylase family genes (DME, ROSI,
DMLZ2, and DML3) in wild type callus (A) and de novo shoots (B)
measured by RNA—seq analysis. Data are presented as transcripts
per million (TPM) values with mean + SEM from three biological
replicates. Different letters above bars indicate statistically
significant differences (p < 0.05) determined by one—way ANOVA
followed by Tukey's post hoc test.
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Figure 10. DNA methylation dynamics in wild type and dme—2

mutant during plant regeneration.

Average levels of DNA methylation in Ler wild type and the dme—2
mutant during regeneration are shown for CG (A), CHG (B), and CHH
(C) contexts across different genomic features. Average DNA
methylation levels in CG (A), CHG (B), and CHH (C) contexts across
different genomic features during regeneration. Solid lines represent
wild type (WT) and dashed lines represent dme—2 mutant. Colors
indicate different genomic features: black for whole genome, pink for

TEs, and purple for genes.
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Figure 11. DNA methylation levels of genes, TEs, and their flanking
regions during regeneration in WT and dme—2 mutants.

Average DNA methylation levels in genes (A, C, E) and TEs (B, D,
F) including their flanking regions (£5kb) across CG (A—-B), CHG
(C=D), and CHH (E-F) contexts. Vertical dotted lines mark the
boundaries between gene or TE bodies and their flanking regions.
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Figure 12. Stage—specific counts of dme DMRs during regeneration.

Total counts of differentially methylated regions (DMRs) between
wild type and dme—2 mutant across CG, CHG, and CHH sequence
contexts at leaf (1), callus (c), and shoot (s) stages. Pink bars
represent regions with higher methylation in dme—2 compared to
wild type (dme hyper DMRs), while blue bars indicate regions with
lower methylation in dme—2 (dme hypo DMRs).

3 ': .
27 """\-!'I-.I



== gene only
= TE ohly
dme hyper dme hypo dme hyper dme hypo mm gene & TE
== |CR

A B (o D

dme hyper dme hypo

1 < 1 c s | c L] 1 c 5

o
=)
=
=
=]

o
=]

% of GG DMR
z

% of CHG DMR
% of CHH DMR
% of genomic feature

o

Figure 13. Genomic feature distribution of dme DMRs during plant
regeneration.

(A—C) Distribution of dme DMRs across genomic features in CG (A),
CHG (B), and CHH (C) contexts at leaf explant (1), callus (c), and
shoot (s) stages. Stacked bars show the proportion of DMRs in
different genomic features: genes (purple), TEs (blue), gene—TE
overlap regions (red), and intergenic regions (IGR, black). Left
panels show hypermethylated regions (dme hyper) and right panels
show hypomethylated regions (dme hypo) in the dme—2 mutant
compared to wild type. (D) Genomic feature composition of the
reference Arabidopsis Ler genome shown for comparison.
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Figure 14. Genome —wide distribution of dme DMRs across
methylation contexts during plant regeneration.

Distribution of differentially methylated regions (DMRs) between
wild type and dme —2 mutant along chromosome 1 in 50 bp windows,
shown for CG (A), CHG (B), and CHH (C) contexts. Upper panels
display hypermethylated regions (Hyper DMR) and lower panels
show hypomethylated regions (Hypo DMR) in the dme—2 mutant
compared to wild type. Blue lines represent leaf stage (I dme DMR),
orange lines indicate callus stage (¢ dme DMR), and gray lines show
shoot stage (s dme DMR) DMRs. Positive values indicate higher
methylation and negative values represent lower methylation in the
dme—2 mutant relative to wild type.
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1.3.4. The role of DME in maintaining DNA methylation in
pericentromeric regions: Potential involvement of the RdADM pathway
The observation of global hypomethylation in pericentromeric
regions of dme—2 mutants is intriguing, given DME's function as a
DNA demethylase. This phenomenon could be an indirect
consequence of the dme mutation. Given that pericentromeric non—
CG methylation is regulated by both RADM, which affects all contexts,
and RNA—independent activities of CMT3 and CMT?2, which primarily
maintain CHG and CHH methylation respectively, expression levels
of CMT3 and CMTZ2 were analyzed in dme—2 de novo shoots. The
analysis revealed decreased CMT3 levels but a slight increase in
CMT2 expression in the dme—2 mutant (Figure 16) suggesting that
CHH hypomethylation in dme—2 mutants is not a result of reduced
CMTZ2 activity. Moreover, ROS1 expression was significantly
elevated in dme—2 mutant de novo shoots (Figure 16), potentially
explaining hypomethylation in dme—2 (Figure 12). Interestingly,
numerous key genes involved in the RdADM pathway, which were
strongly upregulated during wild type de novo shoot regeneration
(Figure 17), showed downregulation in dme—2 de novo shoots
(Figure 18, 19). To investigate how the absence of DME affects the
RdDM pathway, DNA methylation patterns were analyzed at the SDC
(SUPPRESSOR OF drml drm2 cmt3) locus, a well—established
marker for RADM activity. The DNA methylation patterns in CG, CHG,
and CHH contexts were analyzed over a 5—kb region flanking the
SDC locus (Figure 20). When comparing the same tissue types

between WT and dme mutant, significant reductions in DNA
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methylation levels were observed in the dme mutant, particularly in
non—CG contexts within the tandem repeat region. These align with
previous findings that attribute the resetting of non—CG methylation
in pericentromeric TE regions during wild type shoot formation, at
least partially, to the RdDM pathway (Gutzat et al., 2020). Given that
CHH reconfiguration is a hallmark of the reprogrammed state, the
reduced CHH methylation levels in pericentromeric regions of dme—
2 shoots might indicate enhanced cellular competence for cell fate
transitions (Figure 21). Collectively, these findings suggest a
potential role for DME —activated RdDM in the global reestablishment
of DNA methylation, with a particular emphasis on non—CG

methylation, throughout the process of shoot regeneration.
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Figure 15. Classification of dme DMRs based on TE length.
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TEs were categorized by length: short TEs (<500 bp), middle TEs
(500-2000 bp), and long TEs (>2000 bp). The number of dme DMRs
associated with each TE length category was counted (A, C, E), and
their proportions were calculated for CG (B), CHG (D), and CHH (F)
methylation contexts. (G) As a reference, the proportions of short,
middle, and long TEs were calculated for all TEs in the Arabidopsis
genome.
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Figure 16. Expression levels of genes involved in DNA methylation
in wild type and dme—2 mutant shoots.

Expression levels of DNA methyltransferases (CMT2 and CMT?3)
and DNA demethylase (ROS1) genes in de novo shoots of wild type
(dark green) and dme—2 mutant (light blue) plants. Data are
presented as transcripts per million (TPM) with mean + SEM from
three biological replicates. Statistical analysis using DESeq?2 revealed
significant differences between wild type and dme—2 mutant (#p—
value < 0.05, *=*p—value < 0.01, =x*p—value < 0.001).
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Figure 17. Expression dynamics of RdADM pathway genes during
plant regeneration.

Hierarchical clustering heatmap showing expression patterns of
RdDM pathway—related genes across three developmental stages:
seedling, callus, and de novo shoot. Expression values are shown as
scaled TPM (z—score) from RNA-—seq data, with blue indicating
lower expression (—2) and red indicating higher expression (2). The
dendrogram on the left represents the hierarchical clustering of
genes based on their expression patterns. RADM components include
DNA methyltransferases (DRM1, DRM2), scaffold RNA-related
genes (CLSY1—4), argonaute proteins (AGO4, AGO6, AGO7, AGO9),
and other pathway components (NRPD1, NRPDZ2A/B, NRPEI,
HEN1/2, SHH1, DCL3, RDR2, SUVH2/9, HSP90.1 -4, IDN2).
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Figure 18. Expression levels of RADM pathway genes in wild type

and dme—2 mutant de novo shoots.

Expression levels of RADM pathway components in de novo shoots
of wild type (dark green) and dme—2 mutant (light blue) plants. Bar
graphs show transcript levels (TPM) for key RdADM genes. Data are
presented as mean + SEM from three biological replicates. Statistical

significance between wild type and dme—2 mutant was determined
using DESeq2 (+p—value < 0.05, **p—value < 0.01, ##*p—value <

0.001).
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Figure 19. Relative expression of key RdDM-—related genes in de
novo shoots.

The expression levels of RADM—related genes in DAS14 de novo
shoots were measured using real—time qPCR. The vertical axis
represents the relative gene expression levels (mean = SE, n = 3)
normalized to wild type levels. Statistical significance was
determined using Student’s t—test (*p—value < 0.05, #*p—value <
0.01, #=#xp—value < 0.001).
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Figure 20. DNA methylation profiles at the SDC locus during plant
regeneration.

Genome browser tracks showing DNA methylation levels at the SDC
locus across CG, CHG, and CHH contexts in wild type and dme—2
mutant samples. Gene structure is shown at the top of each panel,
with black boxes representing exons and lines representing introns.
Red boxes highlight the tandem repeat regions within the SDC locus.
Methylation patterns are displayed for leaf explants, callus, de novo
shoots, and seedlings, with wild type (WT) and dme—2 mutant
samples shown as paired tracks. Vertical scale bars represent
methylation levels from O to 100%.
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Figure 21. Phenotypic comparison of regeneration capacity between
wild type and dme—2 mutant.

(A) Callus formation from leaf explants after 14 days of culture on
callus induction medium (CIM). (B) De novo shoot regeneration after
14 days of culture on shoot induction medium (SIM). Scale bar = 0.5
cm.
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1.3.5. Misregulation of key genes driving enhanced regeneration in
the dme—2 mutant

Previous studies have demonstrated that dme—2 mutants exhibit
enhanced callus formation and shoot regeneration (Kim et al., 2021).
This phenotype may be attributed to alterations in DNA methylation
patterns, including localized changes affecting key DME target genes
and a broader redistribution of methylation across the genome. To
gain insights into the gene expression changes associated with DME —
regulated plant regeneration, transcriptome analysis was performed
in both wild type and dme—2 mutant plants. Substantial
transcriptional changes were observed across different stages of wild
type regeneration. Comparison between original seedlings and callus
identified 11,220 DEGs, while 10,748 DEGs were found between
callus and de novo shoots. Through Gene Ontology (GO) enrichment
analysis, terms such as 'callus formation' and 'lateral root
development' were found to be significantly enriched in genes with
increased expression during callus induction (Figure 22). In contrast,
the de novo shoot regeneration was characterized by the activation
of photosynthesis—related genes (Figure 23), accompanied by
enrichment of GO terms such as "shoot system morphogenesis" and
"cytokinin biosynthetic process".

The dme—2mutant showed notable transcriptional alterations
throughout the regeneration process. Differential expression analysis
identified 518 DEGs between wild type and dme—Z2 calli. Further
examination of the 260 genes upregulated in dme—2 calli revealed

enrichment of GO terms including "root radial pattern formation" and

39 x:x_'i _ul:._ 1]



"positive regulation of developmental process" (Figure 24). The
enriched biological processes are likely to play a role in facilitating
cellular reprogramming and inducing root—stem—like callus in dme—
2 mutants. DNA BINDING WITH ONE FINGER (DOF) transcription
factor genes, including DOF2.1, HIGH CAMBIAL ACTIVITYZ2
(HCA2), TARGET OF MONOPTEROS6 (TMO6), and PHLOEM
EARLY DOF2 (PEAR2), exhibited increased expression in dme—2
(Figure 25). These genes are recognized as key players in tissue
repair after wounding and in the process of callus formation (Zhang

et al.,, 2022). The upregulation of these DOF genes suggests

enhanced wound healing and regenerative capacity in dme—2 mutants.

Additionally, genes crucial for pluripotency acquisition, such as
TRYPTOPHAN AMINOTRANSFERASE RELATED3 (TAR3) and
PLETHORAS (PLT5), also showed elevated expression in dme—2
callus (Figure 25). PLT5, along with PLT3 and PLT7, has been
implicated in establishing pluripotency and controlling regeneration
in Arabidopsis. The upregulation of these genes is likely to contribute
to the observed enhancement in callus proliferation and pluripotency
in dme—2 mutants.

The transcriptome analysis revealed a substantial increase in
DEGs between wild type and dme—2 mutants in de novo shoots
compared to callus stage, with 1,459 DEGs identified. Genes
upregulated in dme—2 de novo shoots exhibited enrichment of
hypoxia—related GO terms (Figure 26). This enrichment suggests
increased cell proliferation in dme—2 mutants, aligning with
previously observed enhanced cell division in endosperm (Choi et al.,
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2002) and stomata precursor cells (Kim et al., 2021). Several key
components of the cytokinin signaling pathway such as
ARABIDOPSIS HISTIDINE KINASE3 (AHK3), ARR1, ARR5, ARR7,
and CYTOKININ RESPONSE FACTORs (CRF6, CRF7, and CRF8)
(Rashotte et al., 2006) exhibited upregulation in dme—2 de novo
shoots (Figure 27). The increased expression of these genes
indicates an enhancement of cytokinin—mediated processes in dme—
Z mutants during shoot regeneration. Additionally, Class 1
KNOTTED]1 —like homeobox (KNOXI) genes, which are crucial for
stem cell maintenance and cytokinin biosynthesis, showed
upregulation in dme—2 de novo shoots (Figure 27). These genes
include SHOOT MERISTEMLESS (STM), KNOTTED—-LIKE FROM
ARABIDOPSIS THALIANA1 (KNAT1), KNATZ2, and KNAT6
(Barton & Poethig, 1993; Gordon et al., 2007; Yanai et al., 2005).
The increased expression of KNOXI genes further supports the
enhanced regenerative capacity observed in dme—2 mutants.
Collectively, these transcriptional changes suggest that the dme
mutation promotes induction of callus, acquisition of pluripotency, and
formation of de novo shoot (Figure 21). The altered gene expression
patterns observed in dme—2 mutants are likely the result of both
direct and indirect regulatory effects of DME during the plant

regeneration process.
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Figure 22. Gene Ontology enrichment analysis of callus—upregulated

genes.

Gene Ontology (GO) biological process terms enriched in genes
showing higher expression in callus compared to seedlings. The x—
axis represents fold enrichment, and dot size indicates the number of

genes in each category.
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Gene Ontology (GO) biological process terms enriched in genes
showing higher expression in de novo shoot compared to callus. The
x—axis represents fold enrichment, and dot size indicates the number

of genes in each category.
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Figure 24. Gene Ontology enrichment analysis of upregulated genes
in dme—2 callus.

Gene Ontology (GO) biological process terms enriched in genes
showing higher expression in dme—2 callus compared to wild type
callus. The x—axis represents fold enrichment, and dot size indicates
the number of genes in each category.
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Figure 25. Expression of regeneration—associated genes in wild type

and dme—2 mutant callus.

Expression levels of key genes involved in wound—induced tissue

repair, callus formation, and pluripotency acquisition in wild type

(pink) and dme—2 mutant (purple) callus tissue. Data are presented
as transcripts per million (TPM) with mean + SEM from three
biological replicates. Statistical significance between wild type and
dme—2 was determined using DESeq2 (¥p—value < 0.05, **p—value
< 0.01, #*+xp—value < 0.001).
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Gene Ontology (GO) biological process terms enriched in genes
showing higher expression in dme —2 de novo shoot compared to wild
type de novo shoot. The x—axis represents fold enrichment, and dot

size indicates the number of genes in each category.
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Figure 27. Expression of shoot regeneration—related genes in wild

type and dme—2 mutant de novo shoot.

Expression levels of genes involved in cytokinin signaling, cytokinin
biosynthesis, shoot meristem regulators in wild type (dark green)
and dme—2 mutant (light blue) de novo shoots. Data are presented
as transcripts per million (TPM) with mean £ SEM from three
biological replicates. Statistical significance between wild type and

dme—2 was determined using DESeq2 (¥p—value < 0.05, **p—value
< 0.01, #==xp—value < 0.001).
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1.4. Discussion

The process of plant regeneration involves complex cellular
reprogramming and tissue identity transitions, requiring dynamic
changes in the epigenetic landscape, such as DNA methylation. While
previous studies have suggested a connection between DNA
methylation and plant regeneration (Li et al., 2011; Liu et al., 2018;
Shemer et al., 2015; Shim, Lee, & Seo, 2021), the precise regulation
of dynamic DNA methylation throughout the entire regeneration
process remains unclear. Analysis of methylation patterns in this
study confirms that pericentromeric TE regions undergo
hypomethylation during callus formation, predominantly in the CHH
context and to a lesser degree in the CG context. This is accompanied
by a redistribution of CG methylation within genic regions, potentially
playing a pivotal role in enabling the transition to a reprogrammed
state. The phase of regeneration of de novo shoot is characterized
by widespread methylation across all cytosine contexts In
pericentromeric TE regions, coupled with more dynamic
redistribution of CG methylation in genic regions compared to the
callus formation process. These epigenetic alterations may serve as
critical markers for the transition from a reprogrammed to a
differentiated state.

While technical limitations have hindered the acquisition of
comprehensive methylome data from egg cells, zygotes, and early
embryos immediately post—fertilization, leaving the dynamics of CHH

methylation somewhat speculative, the observed changes in CHH
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methylation during plant regeneration exhibit parallels with the CG
methylation erasure and reestablishment process in mammals,
though less dramatically (Reik, 2007; Surani et al., 2007). Studies
have shown that CHH methylation levels are initially low in early
globular embryos and gradually increase during Arabidopsis
embryogenesis (Bouyer et al., 2017; Kawakatsu et al., 2017; Lee et
al., 2023; Lin et al., 2017; Papareddy et al., 2020). These findings
suggest that plant regeneration and embryogenesis share similarities
beyond phenotypic development linked to pluripotency, extending to
epigenetic reprogramming. In mammals, the dynamic removal and
reestablishment of CG methylation play a critical role in gamete
formation and embryogenesis, leading to the hypothesis that a similar
mechanism may exist in plants. However, while CG methylation
levels in plants are notably higher than non—CG methylation and play
a significant role in gene and TE regulation (similar to animals), they
remain relatively stable. Interestingly, it is the CHH methylation
levels that demonstrate a pattern of erasure and reestablishment
(Bouyer et al., 2017; Kawakatsu et al., 2017; Lee et al., 2023; Lin et
al., 2017; Papareddy et al., 2020), mirroring the dynamic changes
observed in mammalian CG methylation. Given these observations, it
1s reasonable to propose that the widespread alterations in CHH
methylation within pericentromeric regions could play a crucial role
in epigenetic regulation during cellular fate transitions. The
epigenetic reprogramming during callus formation might facilitate the
acquisition of cellular competence necessary for de novo

organogenesis. Conversely, the subsequent restoration of DNA
r
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methylation patterns may contribute significantly to the specification
and maintenance of distinct tissue identities.

The global resetting of DNA methylation during de novo shoot
regeneration critically depends on DME function. Given DME's role
as a demethylase that operates across all cytosine contexts (Gehring
et al., 2006), the observation of widespread hypomethylation in
pericentromeric regions of dme—2 mutants was surprising. This
phenomenon appears to stem from enhanced ROS1 demethylase
activity combined with reduced efficiency of the RdDM pathway,
including DRM1/2. During the regeneration process, dme—2 mutants
display more extensive pericentromeric hypomethylation compared
to wild type plants, indicating a enhanced state of reprogramming.
This enhanced reprogramming leads to increased callus and shoot
formation, along with elevated expression of genes controlling
pluripotency acquisition and shoot meristem development.
Supporting these findings, drml/2 mutants also demonstrate
enhanced callus formation upon CIM induction (Jiang et al., 2015).
Considering the complex interaction between ROS1 and RdDM
activity plays a crucial role in maintaining appropriate DNA
methylation levels (Lei et al., 2015; Williams et al., 2015), DME
potentially influences ROS1—RdDM activity during sporophytic
development. The elevated ROS1 expression and reduced expression
of key RdDM genes in dme mutants support this hypothesis, although
the exact molecular mechanism remains to be elucidated. Plants
maintain their overall DNA methylation levels through an intricate

balance between methylation and demethylation processes, regulated
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by coordinated feedback mechanisms. The precise mechanisms
governing the reprogramming of DNA methylation during callus
formation remain unclear, though active cell proliferation and
decreased small RNA populations may drive this process. Further
studies are required to comprehensively unravel the molecular
mechanisms underlying erasure of DNA methylation and its
relationship with DME —mediated DNA methylation resetting.
Collectively, these findings highlight the critical importance of
DNA methylation reprogramming in controlling cellular pluripotency
and differentiation during plant regeneration. During callus formation,
genome—wide hypomethylation may activate TEs, potentially
triggering substantial and unexpected modifications to genome
structure in /n vitro tissue culture conditions (Miura et al.,, 2001).
This investigation demonstrates that DME —mediated activation of the
RdDM pathway serves as a crucial genetic and epigenetic safeguard,
helping to maintain genome stability and prevent genomic

deterioration during plant tissue culture.

51 ._,1_]|



Chapter 2. DNA methylation dynamics and
CHH methylation spreading during Arabidopsis
embryogenesis

2.1. Introduction

DNA methylation serves as a fundamental epigenetic mechanism that
regulates various biological processes, including transcription of
genes, silencing of transposon, and genomic imprinting in eukaryotic
genomes. This modification is critical for proper development, as
irregular DNA methylation patterns are often associated with
aberrant gene expression and developmental abnormalities in both
plants and vertebrates (Deniz et al., 2019; Greenberg & Bourc'his,
2019). In plants, DNA methylation occurs not only in the symmetric
CG context but also in CHG and CHH contexts , in which H represents
A, T, or C (Law & Jacobsen, 2010). To accommodate these distinct
methylation patterns, plants have evolved a complex DNA
methylation regulatory network involving diverse enzymes. One of
the key pathways in this system is RNA—directed DNA methylation
(RADM) pathway, which guides DOMAINS REARRANGED
METHYLTRANSFERASE 1 and 2 (DRM1/2) to its target loci,
facilitating de novo methylation across all cytosine contexts (Cao &
Jacobsen, 2002; Stroud, Ding, et al., 2013). Once de novo methylation
established, symmetrical CG methylation is maintained by DNA
METHYLTRANSFERASE 1 (MET1), while CHG methylation is
preserved through CHROMOMETHYLASE 3 (CMT3)—both

independently of small RNAs (sRNAs) (Law & Jacobsen, 2010). In
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contrast, CHH methylation can be mediated by DRM1/2 or by CMT2,
which specifically targets CHH sites within long TEs, without
requiring SRNA molecules (Zemach et al., 2013).

While DNA methylation patterns are typically preserved
through cell division to uphold genomic stability and cell identity, they
require dynamic reprogramming during development to establish
novel transcriptional profiles and define distinct cellular identities. In
animals, especially mammals, DNA methylation patterns are reset
each generation to erase and re—establish parental imprints (Heard
& Martienssen, 2014; Sasaki & Matsui, 2008; Seisenberger et al.,
2013; Seki et al., 2005). In angiosperms, central and vegetative cells,
which are companion cells located adjacent to the egg and sperm
respectively, undergo active DNA demethylation prior to fertilization
(Ibarra et al., 2012; Kim et al., 2019; Park et al., 2016; Schoft et al.,
2011). In Arabidopsis, methylated cytosines are specifically excised
and removed by DEMETER, a DNA glycosylase, using the base
excision repair (BER) pathway, thereby reprogramming the
epigenome before fertilization. This epigenetic reconfiguration
influences DNA methylation and gene expression profiles within the
endosperm, resulting in genome—wide hypomethylation and
establishment of genomic imprinting post—fertilization (Batista &
Kohler, 2020; Gehring et al., 2006; Gehring & Satyaki, 2017; Ibarra
et al., 2012).

While gamete companion cells and the endosperm undergo
significant epigenetic reprogramming, the embryo methylome,

particularly with regard to CG methylation, remains largely stable not
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only throughout a single generation's development but also across
generations, enabling robust transgenerational inheritance of
epigenetic information (Bewick & Schmitz, 2017; Hsieh et al., 2016;
Picard & Gehring, 2017). In contrast to the stability of CG
methylation, CHH methylation undergoes extensive and dynamic
reconfiguration following fertilization throughout embryogenesis and
germination (Bouyer et al., 2017; Kawakatsu et al., 2016; Lin et al.,
2017). During embryogenesis, CHH methylation levels gradually
increase, and this increase in CHH methylation serves a critical
function in maintaining genomic integrity by suppressing TE activity
and preventing their mobilization.(Lin et al., 2017). Through a
comprehensive analysis of DNA methylation dynamics and sRNA
cluster during plant embryogenesis, this study provides novel
insights into the developmental significance of CHH methylation and

sRNA during embryogenesis.
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2.2. Material and methods

2.2.1. Plant materials and growth conditions

The Col—gl ecotype of Arabidopsis thaliana was used in this study.
The plants were grown under controlled environmental conditions
with a 16—hour light/8—hour dark photoperiod at 22°C after
germination on Murashige and Skoog (MS) medium. Illumination was
provided by cool white fluorescent lights an intensity of 100

umol/m?/s.

2.2.2. Embryo isolation and WGBS library construction

Fully matured wild type ovules, emasculated 24 hours prior, were
fertilized with wild type pollen and incubated under standard growth
room conditions until embryos reached the appropriate
developmental stages for sampling. Arabidopsis embryos were
collected at DAP4, 5,7, 9, and 12, which represent the globular, heart,
torpedo, bending torpedo, and mature green stages, respectively.
Stage—specific methods were employed to isolate embryos. To
1solate globular embryos, seeds were gently ground with a pestle
until the embryos were released. Heart—stage embryos were
obtained by making fine incisions into the seeds using tweezers. For
later developmental stages, from torpedo to mature green, the seed
coat and endosperm were punctured using tweezers, and the
embryos were carefully pushed out afterward. Released embryos
were individually collected under a microscope using microcapillaries

to ensure precision. All procedures, including pollination, embryo
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sampling, genomic DNA extraction, bisulfite library preparation, and
whole—genome bisulfite sequencing (WGBS) data processing,
followed previously established methods described in detail by (Yoo
et al., 2021). All libraries were generated with at least two biological
replicates, achieving high—quality metrics including robust CT
conversion rates (>99%) and genome coverage exceeding 40X,
meeting the recommended standards for methylome analysis (Ziller

et al., 2015).

2.2.3. Global DNA methylation analysis

To analyze global DNA methylation, the embryo methylation data was
segmented into 50 bp windows, each containing at least three
cytosines with a minimum coverage of five reads at every

developmental stage and for each cytosine context.

2.2.4. sSRNA—Seq analysis

The sRNA—Seq datasets used in this study were sourced from the
NCBI GEO database (GSE98553, GSE132066, GSE152971)
(Lutzmayer et al., 2017; Papareddy et al., 2020; Plotnikova et al.,
2019). Adapter sequences were trimmed, and quality control was
performed using Trimmomatic (v0.39) and Cutadapt (v3.4), followed
by the selection of reads in the 18-26 nt range. Structural non—
coding RNA reads, including rRNA, tRNA, and snRNA, were filtered
out by mapping pre—processed reads to the RNACentral database
(v17) using bowtie (v1.3.0, parameters: —v 1 —m O —a). The

remaining reads were aligned to the TAIR10 genome using bowtie
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(v1.3.0, =v. 0 —m O =—a) and subsequently re—aligned with
ShortStack (v3.8.5) under specific parameters (—align_only -—
mismatches O —-mmap u -bowtie_.m 1000 -ranmax 3). Reads
corresponding to known microRNA precursors were excluded using
Bedtools intersect (v2.30.0), and the resulting microRNA —free reads
were processed for further analysis. Read clustering was performed
for each sample using ShortStack with optimized parameters (-
dicermin 20 —dicermax 24 —foldsize 300 —pad 1(or 75), —mincov

1.0rpmm —nohp) (Johnson et al., 2016).

2.2.5. Calculation of average length for methylated blocks

The average length of regions with consecutive methylated cytosines
(meC regions) was determined for each stage of embryo
development by first defining 10 bp windows containing at least one
methylation site supported by five or more aligned reads. Windows
with methylation levels above 5%, 10%, or 15% were merged across
all stages for each cytosine context if the distance between them was
less than 40 bp. The length of the resulting merged windows was
averaged to characterize the size of methylated regions during each

stage of embryo development.

2.2.6. Correlation between sRNA clustering and DNA methylation
spreading

To investigate the relationship between CHH methylation spreading
and sRNA clustering during embryonic development, meC regions in

CHH context were identified if they appeared in at least three out of
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five stages, with a minimum methylation level of 15%. Similarly,
sRNA clusters shared across at least five out of eight stages were
selected. The CHH—meC regions were then categorized into two
groups based on their overlap with sRNA clusters. Finally, the
average length of regions with and without sRNA clustering was

calculated for comparison.
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2.3. Results

2.3.1. Dynamics of global DNA methylation during embryo
development

The pericentromeric regions of Arabidopsis chromosomes exhibit
high levels of DNA methylation across all cytosine contexts, as
previously observed (Cokus et al., 2008; Lister et al., 2008). This is
primarily due to the enrichment of repetitive sequences and
heterochromatic TEs in these regions (Figure 14B). Consistent with
prior studies (Bouyer et al., 2017; Kawakatsu et al., 2017; Lin et al.,
2017; Papareddy et al.,, 2020), CG methylation levels remained
relatively stable during embryogenesis, while non—CG methylation
showed significant dynamics (Figure 28, 29). Notably, global CHH
methylation in pericentromeric regions gradually increased during
development, reaching a peak as seeds matured (Figure 28, 29C).
This increase was primarily associated with TEs, whereas
methylation of genic regions remained largely unchanged across all
cytosine contexts (Figure 29). CHH methylation levels in genic
regions showed only minor increases, while CHG methylation in TEs
exhibited a slight decline between DAP7 and DAP9 before stabilizing
during later stages (Figure 29B, C).

To further investigate methylation changes during
embryogenesis, genic and TE and their flanking regions were
analyzed separately (Figure 29D—1). In genic regions, genome —wide
methylation changes were minimal (<0.7%) across all cytosine

contexts during embryo development, though distinct levels of CHG
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and CHH methylation were observed at each stage (Figure 29D—F).
A small yet noticeable (1%) increase in CHH methylation at the 5’
and 3° ends of genes was apparent particularly from the globular—
torpedo to the bending torpedo—mature green stages, attributable to
overlapping TE sequences near gene boundaries (Figure 29F).
Among the developmental stages, the torpedo stage (DAP7)
exhibited the lowest CHG methylation levels (Figure 29B, E).

In TEs, a slight increase in CG methylation was observed over
the course of embryogenesis (Figure 29G-1). CHH methylation,
however, demonstrated a prominent, continuous increase, with a
sharp rise observed between DAP5 and DAP7 (Figure 29I).
Intriguingly, this increase in CHH methylation coincided with a
reduction in CHG methylation during the heart—to—torpedo transition
phase (Figure 29B, C, H, I). Such an inverse relationship suggests a
potential interplay between CHG and CHH methylation, working in
tandem to repress TEs during this critical phase, which marks the

initiation of embryo maturation following pattern formation.
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Methylation level (%)

Figure 28. Genome—wide DNA methylation patterns during embryo
development.

Circular heatmap showing DNA methylation levels across five
Arabidopsis chromosomes (Chr 1-5) in CG, CHG, and CHH sequence
contexts during embryo development. Concentric circles represent
sequential developmental stages from inner to outer rings: globular
(GL), heart (H), torpedo (T), bending torpedo (BT), and mature
green (MGQG). Color scale indicates methylation levels from 0% (blue)
to 100% (dark red). Red dots on the outer circle mark centromeric
regions of each chromosome.
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Figure 29. DNA methylation dynamics across genomic features

during embryo development.

(A—C) Average DNA methylation levels in CG (A), CHG (B), and
CHH (C) contexts across whole genome (black), genes (orange), and
transposable elements (TEs, blue) during five embryonic stages:
globular (GL), heart (H), torpedo (T), bending torpedo (BT), and
mature green (MG). (D—F) Methylation profiles of genes and their
flanking regions (x2kb) in CG (D), CHG (E), and CHH (F) contexts
across transcription start sites (TSS) and transcription termination
sites (TTS). (G—I) Methylation patterns of TEs and their flanking
regions (+2kb) in CG (G), CHG (H), and CHH (I) contexts.
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2.3.2. CHH methylation spreading and expansion of sRNA cluster
during embryo development

De novo CG methylation spreads from cis—regulatory elements to
distal CpG sites during mammalian embryogenesis (Turker, 2002).
To explore whether a similar phenomenon occurs in plants during
embryonic development, the average lengths of regions with
consecutive methylated cytosines (meC regions) in all contexts were
calculated at various developmental stages. When windows with
methylation levels exceeding 5%, 10%, or 15% were merged
(provided they were within 40 bp of each other), a gradual increase
in the length of CHH—meC regions was observed as embryos
matured (Figure 30A—C). This trend was particularly pronounced
when the 15% methylation cutoff was applied (Figure 30C),
indicating that CHH methylation spreads across the genome during
embryogenesis.

The RdDM pathway, which mediates de novo DNA
methylation in Arabidopsis (Chow et al., 2020; Erdmann & Picard,
2020; Matzke & Mosher, 2014), may play a critical role in CHH
methylation spreading. However, it remains unclear whether this
pathway is required only for the initial establishment of methylation
during early embryogenesis or if SRNAs are continuously necessary
to maintain and propagate CHH methylation in later stages. To
determine whether sRNAs continuously contribute to CHH
methylation spreading, the average length of 24 —nt sRNA clusters
was measured by merging clusters located within 75 bp of each other

across developmental stages using publicly available sRNA datasets
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(Papareddy et al., 2020). Results showed a progressive lengthening
of sSRNA clusters as embryos advanced in development (Figure 30D),
suggesting that ongoing sRNA expression near methylated regions
contributes to the spreading of CHH methylation to adjacent
unmethylated sites.

Then, the relationship between extended sRNA expression
and CHH methylation spreading was assessed by comparing the
average lengths of regions where CHH—meC regions overlapped with
merged 24—nt sRNA clusters. A linear increase of sRNA cluster
length was observed in CHH-overlapping regions throughout
development, reinforcing the positive relationship between CHH
methylation spreading and sRNA activity (Figure 31A, green bars).
Although CHH—meC regions without sRNA clusters also expanded
during embryogenesis (Figure 31A, pink bars), these accounted for
fewer loci and exhibited limited spreading. Furthermore, positional
analysis revealed that such non—sRNA overlapping CHH-meC
regions were concentrated in centromeric regions and were likely
mediated by CMT2 (Figure 31B). Visualization of individual loci
further confirmed that the extension of sRNA expression coincided
with CHH methylation spreading and accumulation across
development (Figure 32). These results align with previous findings
that the RADM pathway significantly contributes to CHH methylation
increase during embryogenesis (Hsieh et al., 2023).

Collectively, these findings highlight the importance of the
RdDM pathway in initiating de novo CHH methylation and promoting

its expansion to nearby regions, facilitated by the COjltil’lIUOLlS
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expression and extension of SRNA clusters. This mechanism results
in broader CHH—methylated regions and elevated methylation levels

as embryogenesis progresses.
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Figure 30. Length of consecutively methylated regions and sRNA

clusters during embryo development.

(A—C) Average length of consecutively methylated cytosine regions
(meC regions) in CG (A), CHG (B), and CHH (C) sequence contexts
across embryonic stages (GL: globular, H: heart, T: torpedo, BT:
bending torpedo, MG: mature green). Bar colors indicate different
methylation level cutoffs. (D) Average length of sRNA clusters
shown separately for 21—-nt and 24-—nt size classes across
developmental stages (pGL: pre—globular, GL: globular, EH: early
heart, LH: late heart, ET: early torpedo, LT: late torpedo, BC: bent
cotyledon, MG: mature green). Whiskers represent standard
deviations, and numbers above them indicate the total number of meC
regions or sRNA clusters.
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Figure 31. Average length and distribution of consecutively
methylated regions on chromosome 1.

(A) Average length of consecutively methylated cytosine (meC)
regions in CHH context during embryo development. Green bars
represent meC regions overlapping with 24 —nt small RNA clusters
(sRC), while pink bars show meC regions without sRC overlap.
Numbers above whiskers indicate the total count of meC regions in
each category. Whiskers represent standard deviations. (B)
Distribution of meC regions along chromosome 1 in 200—kb bins.
Green line shows the number of meC regions overlapping with 24 —
nt sRC, and pink line represents meC regions without sRC overlap.
The centromeric region is marked as 'cen' on chromosome 1.
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Figure 32. Representative genomic loci showing gradual CHH
methylation expansion during embryo development.

Representative genomic regions showing CHH methylation patterns
across developmental stages (GL: globular, H: heart, T: torpedo, BT:
bending torpedo, MG: mature green). Gray bars at the top represent
small RNA cluster distribution from published datasets with slightly

different developmental staging (pGL: pre—globular, GL: globular, EH:

early heart, LH: late heart, ET: early torpedo, LT: late torpedo, BC:
bent cotyledon, MG: mature green). Red peaks represent CHH
methylation levels. Black bars at the bottom show the positions of
coding sequences (CDSs) and transposable elements (TEs).
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2.4. Discussion

DNA methylation plays a crucial role in plant development, with
distinct patterns observed across different cytosine contexts during
embryogenesis. A gradual increase in CHH methylation during
embryo development has been observed in multiple dicotyledonous
plants, including Arabidopsis (Bouyer et al., 2017; Kawakatsu et al.,
2017), Brassica rapa (Grover et al., 2020), soybean (Lin et al., 2017),
and chickpea (Rajkumar et al., 2020), suggesting a fundamental and
conserved role for CHH methylation in plant embryo development and
genome stability.

Consistent with prior research (Bouyer et al., 2017;
Kawakatsu et al., 2017; Lin et al., 2017), this study demonstrates
that CHH methylation levels gradually rise during Arabidopsis
embryogenesis, while CG and CHG methylation remain consistently
high. In Arabidopsis, this increase is coupled at least two waves of
sRNA accumulation originating from thousands of TEs (Papareddy et
al., 2020). The increase in CHH methylation levels occurs through a
coordinated mechanism involving two key processes: the
simultaneous expansion of CHH—methylated regions to nearby loci
and the coordinated expansion of sRNA clusters. This expansion
mechanism is evidenced by the progressive lengthening of
consecutively methylated regions and sRNA clusters as embryos
advance in development. The relationship between extended sRNA
expression and CHH methylation spreading is demonstrated by the

linear increase in sRNA cluster length throughout development,
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particularly in CHH—overlapping regions.

Notably, while CHH methylation regions without sRNA
clusters also expanded during embryogenesis, these accounted for
fewer loci and exhibited limited spreading, primarily concentrated in
centromeric regions. Individual loci analysis confirmed that the
extension of sRNA expression coincided with CHH methylation
spreading and accumulation across development. This process
involved not only sRNA-—dependent pathways but also sRNA-—
independent enzymes such as CMT2, with the accumulation of sSRNAs
and the expression of associated enzymes were positively associated
with CHH methylation resetting (Papareddy et al., 2020). These
findings significantly advance our understanding of epigenetic
regulation during plant embryogenesis, highlighting the complex
interplay between DNA methylation and sRNAs throughout embryo

development.
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Abstract in Korean
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