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Short Summary: DNA methylation is a major epigenetic modification in plants. It is unclear
whether and how DNA methylation is reprogramed in gametes and after fertilization in zygote.
In this work we show that DNA demethylases DNG701, DNG702 and DNG704 function in rice
egg, sperm and zygote cells to remodel DNA methylation at distinct genomic loci which is

essential for egg and zygote gene expression and post-zygotic development.
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Abstract

Fertilization constitutes a critical step in the plant life cycle during which the gamete genomes
undergo chromatin dynamics in preparation for embryogenesis. In mammals, parental
chromatin is extensively reprogrammed through the global erasure of DNA methylation.
However, in flowering plants it remains unclear whether and how DNA methylation is
remodeled in gametes and after fertilization in zygote. Here, we characterized DNA methylation
patterns and investigated the function of DNA glycosylases in rice eggs, sperms, unicellular
zygotes and during embryogenesis. We found that DNA methylation is locally reconfigured after
fertilization and is intensified during embryogenesis. Genetic, epigenomic and transcriptomic
analysis revealed that rice DNA glycosylases DNG702, DNG701 and DNG704 demethylate DNA
at distinct genomic regions in the gametes and the zygote and are required for zygotic gene
expression and development. Collectively, the results indicate that active DNA demethylation
takes place in the gametes and the zygote to locally remodel DNA methylation which is critical

for egg and zygote gene expression and reproduction in rice.

Key words: DNA methylation, DNA glycosylase, fertilization

Introduction

In plants, DNA cytosine methylation occurs in the context of CG, CHG and CHH (where H is A, C,
or T) and heritably silences transposable elements (TE) and repetitive sequences to maintain
genome integrity and transcriptional homeostasis (He et al., 2011; Law and Jacobsen, 2010).
Similarly, DNA methylation of gene regulatory sequences, especially those near transcriptional
start sites, is associated with gene silencing. However, accumulating data indicate that
methylations in the promoter regions may also play a role in activating gene transcription by
affecting the binding affinity of different regulators (Harris et al., 2018; Zhang et al., 2018). In
plants, DNA methylation patterns in general are stably transmitted across generations (Gehring,

2019; Kawashima and Berger, 2014). The persistence of DNA methylation states of silenced TEs
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and genes through generations (Cubas et al., 1999; Hauser et al., 2011) and evidence of
methylation heritability in plants during many generations (Becker et al., 2011; Schmitz et al.,
2011) indicate that most DNA methylation is inherited through sexual reproduction in plants.
However, DNA methylation reprogramming occurs during plant sexual reproduction and
development (Kawashima and Berger, 2014). For instance, recent results showed that de novo
DNA methylation creates a cell lineage-specific epigenetic signature that is required for gene
expression and splicing for meiosis (Walker et al., 2018). Studies from Arabidopsis and soybean
showed that CHH methylation increases during embryogenesis (Bouyer et al., 2017; Kawakatsu
et al., 2017; Lin et al., 2017; Narsai et al., 2017). In addition, cell-specific methylation patterns
have been reported in Arabidopsis and rice (Calarco et al., 2012; Gehring, 2019; Ibarra et al.,
2012; Kawakatsu et al., 2016; Kim et al., 2019; Li et al., 2020a).

Plant haploid gametes, sperm and egg, are generated by mitosis in multicellular haploid male
and female gametophytes, respectively. Vegetative cell in male gametophyte and central cell in
female gametophyte are respective companion cell of the sperm and the egg and are necessary
for fertilization and seed development. The egg is fertilized by one sperm to form the zygote to
initiate embryogenesis, and the binuclear central cell is fertilized by the other sperm to generate
the triploid endosperm, a nutrient tissue that supports growth of the embryo or the seedling.
Genome-wide DNA methylation profiling of sperm and vegetative cells of the mature pollen has
revealed dynamic DNA methylation changes during male gametogenesis in Arabidopsis, rice and
tomato (Calarco et al., 2012; Hsieh et al., 2016; Ibarra et al., 2012; Kim et al., 2019; Li et al.,
2020a; Lu et al., 2021; Walker et al., 2018). DNA methylation analysis has been also performed
on egg and central cells isolated from Arabidopsis and rice (Li et al., 2020a; Park et al., 2016).
DNA demethylation is initiated in the Arabidopsis central cell (Park et al., 2016). However, it is
unclear whether active demethylation takes place in gametes (egg and sperm) and zygotes.
Plant CG methylation is maintained by Methyltransferasel (MET1) activity (Kim and Zilberman,
2014). In Arabidopsis, non-CG (i.e. CHG and CHH) methylation in short TE and long TE borders
that are of euchromatin feature is maintained by the RADM pathway involving the Domains
Rearranged Methyltransferase2 (DRM2), while CHG and CHH methylation in heterochromatin is

maintained respectively by Chromomethylases (CMT) CMT3 and CMT2 (Kim and Zilberman,
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2014; Zemach et al., 2013). Rice non-CG methylation levels are higher than that in Arabidopsis
(Niederhuth et al., 2016; Tan et al., 2016). Rice CHH methylation is low in heterochromatic long
TEs but highly enriched in short TEs that are mainly located in the vicinity of genes (Niederhuth
et al.,, 2016; Tan et al.,, 2016; Zemach et al., 2010b; Ma et al 2021). Rice CHH methylation is
essentially dependent on DRMZ2, the mutation of which causes about 85% loss of CHH
methylation in the genome (Tan et al., 2016). In Arabidopsis, DNA methylation is actively
removed by a family of DNA glycosylases, including DEMETER (DME), REPRESSOR OF
SILENCING1 (ROS1), and DME-LIKE (DML)2 and 3 (Zhu, 2009), which excise 5-methylcytosine
that is replaced by cytosine via the base excision repair pathway. DME is expressed in the
vegetative and central cells and demethylates DNA in gamete companion cells (central cell and
vegetative cell), primarily at euchromatin TEs and the edges of large TEs (Choi et al., 2002;
Ibarra et al., 2012; Park et al., 2017; Park et al., 2016; Schoft et al., 2011). By contrast, ROS1 and
DML genes are expressed primarily in vegetative tissues (e.g., roots and shoots) and at a lower
level compared with DME in reproductive cells (Calarco et al., 2012; Penterman et al., 2007). In
rice 4 ROS1-related DNA glycosylase genes are identified namely DNG701, DNG702 (also known
as OsROS1a), DNG703 and DNG704 (La et al., 2011; Ono et al., 2012; Zemach et al., 2010a).
DNG701/DNG704 and DNG702/DNG703 are closely related to Arabidopsis DML2 and ROS1,
respectively (Zemach et al.,, 2010a)(La et al., 2011). A DME ortholog is not detected in rice
(Zemach et al., 2010a). Previous results showed that DNG702 (or OsROS1a) is indispensable in
both male and female gametophytes (Ono et al., 2012). A recent study by analyzing a dng702
heterozygous mutant (rosla*") showed that DNG702 is involved in local DNA demethylation in
pollen vegetative cell (Kim et al., 2019). However, it is unclear whether the plant DNA
glycosylases function in the gametes and the zygote to reprogram DNA methylation and gene

expression.

To investigate this question, we produced loss-of-function mutants of rice DNA glycosylase
genes DNG702, DNG701/DNG704 (DNG701/4) and analyzed their function in the gametes and
the zygote regarding to DNA methylation, gene expression, and development. We show that
DNA methylation is remodeled in zygote 6.5 h after fertilization in rice. The remodeling of DNA

methylation is intensified at genomic regions enriched for 24-nt siRNA during embryogenesis.
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The mutations of dng702 and dng701/4 altered DNA methylation locally in gamete and zygote
genomes and affected zygote and/or egg transcriptomes and zygote development. We show
that DNG702 and DNG701/4 have shared but mostly distinct genomic targets in egg and zygotes
and likely play different roles in sperm DNA methylation. Collectively, the results indicate that
DNA methylation is remodeled mainly at genic regions before and after fertilization in which the

DNA demethylase genes DNG702, DNG701 and DNG704 play an essential role.

Results
DNA methylation dynamics during fertilization

To study DNA methylation dynamics during fertilization, we manually isolated rice (Donglin or
DJ variety) sperms, eggs, and zygotes (at 6.5 hours after pollination, HAP) by dissection as
previously described (Zhou et al., 2019), and obtained whole-genome DNA methylation data
from 50 cells per cell type (about 10 to 40 genome coverages) with two biological replicates
(Supplemental Table 1), using a bisulfite sequencing (BS-seq) protocol developed for small
numbers of cells (Clark et al., 2017). Density plots (displaying density of fractional difference
between comparisons, see Methods) revealed little variation between the BS-seq data and the
methylomes reported in the gametes of the Nippon bare (NB)(Kim et al., 2019; Park et al., 2016),
but much higher difference when compared with the seedling methylome of the same variety
(Supplemental Figure 1A). Boxplots revealed overall lower TE DNA methylation levels in DJ than
in NB and Kitaake (KT) accessions for which egg and sperm methylome data were available
(Supplemental Figure 1B), which might be due to genomic difference of the rice varieties and/or
differences in cell sampling. Multidimensional scaling analysis of the methylomes obtained in
this study revealed a high reproducibility of the replicates and a cell-type specific distribution
pattern, with the sperm methylome more distally apart from those of egg and zygote which
were relatively close in position (Supplemental Figure 1C). Heatmap of methylation levels
indicated that the differential methylations detected in zygotes versus eggs or sperms were not
derived from averages of egg and sperm methylation levels (Supplemental Figure 1D). Boxplot

analysis of the DJ methylomes indicated that the overall methylation levels at all sequence



134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

contexts were comparable between eggs and zygotes (Figure 1A). In sperm cells, relatively
lower mCG but higher mCHG and mCHH sites were detected in genes compared with zygote or
egg (Figure 1A and Supplemental Figure 2A). The decrease of sperm mCG mainly affected
moderately methylated (between 0.2 and 0.6) genes and the increases of mCHG and mCHH
concerned essentially lowly methylated (0.02-0.04) genes (Supplemental Figure 2A). In addition,
lower mCG and mCHG was detected in sperm TEs (Figure 1A), which mainly affected the highly
methylated (>0.8) TE fraction (Supplemental Figure 2A). The data suggest that sperm displays
substantially divergent overall DNA methylation (mostly in genes) compared with egg or zygote.
Density plots revealed fractional difference (both gain and loss) of mCHH and mCHG and, to a
lesser extent, mCG between zygote and egg (Z-E) or between zygote and sperm (Z-S) (Figure 1B),
indicating that differential methylation occurs right after fertilization. Scanning of differentially
methylated regions (DMR) within 50 bp windows with at least 20 informative cytosines (See
Methods, Supplemental Table 1), detected more hyper than hypo CG (4,847 hyper and 1,202
hypo) and CHG (2,471 hyper and 1,372 hypo) DMRs in zygote versus egg (Z-E) (Figure 1C and 1D).
Similarly, we detected more hyper than hypo CG (3,954 hyper and 1,096 hypo) and CHG (2,643
hyper and 1,102 hypo) DMRs in zygote versus sperm (Z-S). At CHH context, there were much
higher but comparable numbers of hyper (14,018 in zygote versus sperm (Z-S) and 17,572 in
zygote versus egg (Z-E) and hypo (11,742 in zygote versus sperm (Z-S) and 14,920 in zygote
versus egg (Z-E) CHH DMRs (Figure 1C and 1D), indicating a more important remodeling of CHH
methylation 6.5 h after fertilization than CG and CHG. The zygote versus sperm and egg CHH
DMRs corresponded to about 1.2 to 1.5 Mbp (DMR number X 50 pb), which represented about
2 to 2.7 % of -the CHH methylated regions (in total 1,099,183 methylated bins with methylation
ratio higher than 0.1, which corresponded to 55 Mbp), suggesting a locally remodeling of DNA

methylation in the zygote.

To get insight into DNA methylation dynamics during early embryogenesis, we isolated DJ
embryos at the globular stage (3 days after pollination, DAP) and performed BS-seq analysis
(Supplemental Table 1). The globular embryo showed an increase of mCG but clear decreases of
MCHG (gene) and mCHH (gene and TE) compared with the zygote (Figure 1A). Density plots

revealed fractional difference with both loss and gain of mCG and mCHG, but a dramatic loss of
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mCHH in the globular embryo relative to zygote (GE-Z) (Figure 1B). The gain of mCG mainly
concerned TE, as the percentage of highly methylated (>0.8) TE augmented from about 40% in
zygote to about 85% in globular embryo (Supplemental Figure 2A). Conversely, the percentages
of highly CHG (>0.8) and CHH (>0.2) -methylated TE were reduced (resulting in an increase of
CHG at 0.6-0.8 quantile) in globular embryo versus zygote (Supplemental Figure 2A). In mature
embryo versus globular embryo (ME-GE), mCG (in TE) and mCHG (in both gene and TE) were
decreased but mCHH (in TE) was elevated (Figure 1A). The decrease of mCG and mCHG mainly
concerned highly methylated TE fractions (>0.8 for mCG and >0.6 for mCHG) (Supplemental
Figure 2A). Density plots showed an overall loss of mMCHG but gain of mCHH in ME-GE (Figure 1B).

DMR scanning detected much higher numbers of CG (22,880 hyper and 3,754 hypo) and CHG
(11,693 hyper and 3,871 hypo) DMRs in globular embryo versus zygote (GE-Z) compared with
zygote versus egg (Z-E) or sperm (Z-S) (Figure 1C). At CHH context, a much higher number of
hypo (110,151) than hyper (1,363) DMRs was detected in globular embryo versus zygote (Figure
1C and Supplemental Figure 2B), indicating an important loss of mCHH in globular embryo. In
mature versus globular embryo (ME-GE), the DMR numbers at all sequence contexts were
largely increased compared with GE-Z (Figure 1C), indicating a more important remodeling of
the DNA methylation during embryo maturation. The low CHH methylation in globular embryo
was consistent with the results showing that RADM activity is low in proliferating tissues with
high numbers of dividing cells (Borges et al., 2021). In ME-GE, there were 48,670 hyper and
48,656 hypo DMRs at CG, much higher numbers of hypo (84,493) than hyper (34,890) DMRs at
CHG context. By contrast, at CHH context much more hyper (159,376) than hypo (18,053) DMRs
were detected in ME-GE (Figure 1C), indicating a recovery of mCHH in the mature embryo. Both
long and short TEs showed reduced CHH methylation in globular embryo relative to that in
zygote (Supplemental Figure 3A). However, CHH methylation levels in long TEs such as Gypsy
and centromere repeats were much lower (about 4-8 times) than that in short TEs (MITEs and
SINEs) (Supplemental Figure 3A). In fact, the globular embryo versus zygote (GE-Z) and mature
versus globular embryo (ME-GE) CHH DMRs mainly concerned short TEs (<500 bp)
(Supplemental Figure 3B) which are located near genes in the rice genome (Tan et al., 2018; Tan

et al., 2016). The CHH DMRs were enriched for 24-nt small RNA (Supplemental Figure 3C and
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3D), suggesting that RADM is involved in methylome dynamics during embryogenesis. The GE-Z
hypo CHH DMRs showed no significant overlap with ME-GE hyper CHH DMR (Supplemental
Figure 3E), suggesting that CHH methylation loss at globular stage was not re-established during
embryo development. Collectively, the data indicated that DNA methylation reconfiguration

occurs 6.5 h after fertilization and is intensified during post-zygotic embryo development.
Function of rice DNA demethylation genes in reproduction

Based on the present (see below) and published transcriptomic data (Anderson et al., 2013),
transcripts of rice demethylase genes DNG701, DNG702, and DNG704, but not DNG703, were
detected in egg, zygote or sperm cells (Supplemental Figure 4A). Relatively lower DNG702
expression level was detected in the vegetative cell. The gene may be expressed at higher levels
at earlier pollen developmental stages as its mutation affected DNA methylation in the
vegetative cell of the pollen (Kim et al 2019). To study whether the genes have a function in
gametes and zygote, we produced dng701, dng702 and dng704 knockout (KO) plants in the DJ
background by using the CRISPR technique (Supplemental Figure 4B). The dng702 homozygous
KO plants failed initiating embryogenesis and seed development after pollination (Figure 2A-C
and Supplemental Figure 4C) confirming previous results (Liu et al., 2018; Ono et al., 2012).
However, crosses of dng702 with wild type as either male or female produced seeds with
defective endosperm (Supplemental Figure 4D), as previously reported (Ono et al., 2012). The
seeds could be germinated in cultural media. This would suggest that defects in dng702 egg or
sperm affected zygote viability or development, but could be compensated by wild type sperm
or egg after fertilization. The differences in the gametophytic lethality of dng702 mutations in DJ
and NB (Ono et al 2012) backgrounds may be related to the difference in DNA methylation
levels between the two varieties (Supplemental Figure 1B). No visible phenotype was found in
dng701 and dng704 single mutant, which may be due to functional redundancy of the genes
that are closely related (Zemach et al., 2010a). Therefore, we made dng701 and dng704 double
(thereafter named as dng701/4) KO plants (Supplemental Figure 4B). The dng701/4 double KO
plants displayed a similar but less severe phenotype than dng702 and were partially fertile (with
a seed setting rate at about 50% of wild type) (Figure 2A, 2B, and 2D). Close examinations of
dng701/4 ovules before and after pollination revealed that about 50% of the fertilized eggs

8
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were aborted and that the other 50% showed normal or retarded embryo development (Figure
2A, 2B, 2D and Supplemental Figure 4E). The seed phenotype was reproduced at T3 generation
with about 48% aborted, 13% retarded, and 39% normal seeds (Supplemental Figure 4F). The
results indicate that the rice DNA demethylase genes are required for gamete function and
zygote development in which DNG702 likely plays a more important role than DNG701 and
DNG704.

Function of DNG702 and DNG701/4 genes in DNA methylation in gametes and zygotes

To study effect of the dng mutations in DNA methylation of gametes and zygote, we manually
isolated egg and sperm cells from dng702 and dng701/4 and zygotes (at 6.5 HAP) from
dng701/4 plants and performed BS-seq analysis. Because the three seed phenotypes of
dng701/4 could not be distinguished at zygote stage, the harvested zygotes represented a
mixture of the three types. As tissue culture during rice transgenic plant production may affect
DNA methylation, to deduce tissue culture effects we isolated eggs and zygotes from a CRISPR-
negative line (callus regenerated wild type, crWT) as controls for BS-seq. Two replicates per
genotype were analyzed (Supplemental Table 1 and Figure 3A). Box plots of the BS-seq data
revealed that in dng702 and dng701/4 mutant eggs there was a general increase of methylation
relative to WT or crWT at all sequence contexts (Figure 3A). The increases of mCHG and mCHH
were more obvious in genes than in TEs (Figure 3A). Metagene analysis confirmed the clear
increases of mCHH and mCHG in gene body and flanking regions in the mutant eggs compared

with wild type (Supplemental Figure 5).

Density plots revealed differential methylations particularly with a clear hyper CHH methylation
peak in dng702 egg and dng701/4 egg and zygote compared with the wild type cells
(Supplemental Figure 6A). Similar differential methylation patterns were observed in the
mutants compared with crWT egg and zygote (Supplemental Figure 6B). To deduce tissue
culture effect from that of the mutations on DNA methylation, we called DMRs between crWT
and wild type and subtracted tissue culture-related DMRs from those detected in the mutants
relative to wild type (Supplemental Figure 6C). In the mutant eggs we detected comparable
numbers of hyper and hypo DMRs at CG (3,887-6,196) and CHG (2,037-3,092) contexts.

9
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However, at CHH context, much higher numbers of hyper (32,092 in dng702 and 28,219 in
dng701/4) than hypo (7,635 in dng702 and 10,927 in dng701/4) DMRs were detected (Figure
3B). We also called DMRs between mutants and crWT. We found that most (51 to 79%) of the
DMRs detected in mutant versus wild type were found in those detected in mutant versus crWT
(Supplemental Figure 6D). The hyper CHH DMRs of the two mutants showed no significant
overlap (Figure 3C and Supplemental Figure 7A). The dng702 and dng701/4 hyper CHH DMR-
associated genes were enriched for different functional categories (Supplemental Figure 7B).
However, CG and CHG hyper DMRs showed partial overlaps between the two mutants (Figure
3C). The overlapped 2,220 CG and 768 CHG hyper DRMs displayed lower methylation in both
wild type and crWT egg but higher methylation in both zygote (Supplemental Figure 7C),
confirming that these DMRs were produced by the mutations. The data indicated that DNG702

and DNG701/4 may target a subset of common CG and CHG sites for demethylation.

The dng701/4 mutation in zygote produced higher numbers of CG and CHG DMRs but
comparable numbers of CHH DMRs than in egg (33,228 hyper and 10,118 hypo CHH DMRs in
zygote compared with 28,219 hyper and 10,927 hypo CHH DMRs in egg) (Figure 3B and
Supplemental Figure 7D). However, the hyper CHH DMRs detected in dng701/4 zygote showed
no significant overlap with those identified in the mutant egg and sperm cells (Figure 3D,
Supplemental Figure 7E). The analysis suggested that DNG701/4 demethylases target distinct
genomic regions in zygote relative to egg. Because the dng701/4 mutation affected zygote

development, an indirect effect of the mutation on DNA methylation in zygote was not excluded.

To study whether the mutant effects were sporophytic or gametophytic, we analyzed the
methylome of eggs isolated from two independent heterozygous dng702 (+/-) lines
(Supplemental Figure 4B). Boxplot analysis indicated that mCHH and mCHG levels were also
augmented in the dng702 (+/-) eggs compared with wild type or crWT (Figure 3A). The increases
were less obvious compared with those in the homozygous dng702 mutants (Figure 3A). Density
plots revealed clear methylation (mostly at CHG and CHH contexts) variations between the
heterozygotes and wild type and between the heterozygous and the homozygous mutants
(Supplemental Figure 8A and 8B). However, the hyper CHG and CHH methylations detected in
dng702 egg were reduced in the heterozygous mutants (Supplemental Figure 8C).

10
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In sperm, the dng702 mutation also led to a clear increase of mCHG and mCHH in genes (Figure
3A and Supplemental Figure 5A). Increase of overall mCHH was also observed in the Nippon
bare dng702 heterozygous mutant (ROS1a*/) (Supplemental Figure 9A) (Kim et al., 2019),
except in the loci that show increase of mCG in the companion vegetative cell of the
heterozygous mutant pollen (Kim et al., 2019). There was little overlap between the vegetative
cell-sperm hypo CG DMRs and dng702-wild type sperm hyper CHH DMRs (Supplemental Figure
9A, bottom part). By contrast, the dng701/4 mutations led to clear decreases of mCHH and
mMCHG in sperm (Figure 3A and Supplemental Figure 5B). In fact, the dng702 mutation resulted
in more hyper (10,464) than hypo (7,438) CHH DMRs, while dng701/4 produced more hypo
(15,330) than hyper (7,252) CHH DMRs in sperms (Figure 3B). This suggests that DNG702 and
DNG701/4 have a distinct function in sperm DNA methylation. The mutations resulted in much
fewer but distinct DMRs at all sequence contexts in sperm compared with egg (Figure 3B and
Supplemental Figure 9B). Still, some tissue-culture effect is not excluded from the DNA

methylation changes observed in the mutant sperms.
Function of DNG702 and DNG701/4 in DNA methylation dynamics after fertilization

Density plots indicated important variations between wild type and dng702 or dng701/4 mutant
eggs (Figures 4A and Supplemental Figure 10A). To get insight into function of the DNA
glycosylases in methylation dynamics during fertilization, we plotted dng702 egg hyper
methylation (CG >0.5, CHG>0.3, CHH >0.1, >0.3 and >0.6) fractions against differential
methylation in wild type zygote versus egg (Figure 4A and 4B). We found that the hyper
methylations in the mutant egg actually corresponded to hyper methylations in wild type zygote
versus egg, with the dng702 CHG and CHH (>0.6) hyper methylation peaking at about 0.5 and
that of CG at about 0.75 of wild type zygotes versus eggs (Figure 4B and 4D), which
corresponded to 160 to 2,600 DMRs (representing about 0.04 % of the genome) (Figure 4C).
Similar observations were made with the differential methylations in dng701/4 (Supplemental
Figure 10B and Supplemental Figure 10C). The analysis indicates that methylation in DNG702

and DNG701/4-demethylated regions in the egg become reestablished in the zygote.
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Similarly, genomic loci demethylated by DNG702 in sperm which were distinct from those in egg
(Supplemental Figure 9B) were also hypermethylated in zygote (Supplemental Figure 11). Thus,
loci demethylated by the DNA glycosylases in egg and sperm are remethylated in zygote,
suggesting that de novo methylation pathways are already active in zygote. Conversely, we
found that hyper methylations in dng701/4 zygote corresponded to hypo methylations in wild
type zygote versus egg or sperm (Figure 5, Supplemental Figure 12 and 13). The analysis
indicated that DNG701/4 locally remove methylation from egg and sperm genomes shortly after
fertilization. Collectively, the results indicated that DNA methylation is remodeled before and
after fertilization in which the DNA glycosylase genes DNG702, DNG701 and DNG704 play an

essential role.
Function of rice DNA glycosylases in gene expression during egg to zygote transition

In parallel to the methylomes, we analyzed transcriptomes of wild type (DJ) egg and zygote by
RNA-seq (Supplemental Table 3 and Supplemental Figure 14A). The egg and zygote
transcriptomes were clearly different as revealed by a multidimensional scaling analysis
(Supplemental Figure 14B), and showed high correlation respectively with published rice egg or
zygote transcriptomes (r>0.75; Supplemental Figure 14C). A large number of differentially
expressed genes (DEG) (2509 down- and 2073 upregulated, >2 folds, Q-value <0.01) were
detected in zygote versus egg (Supplemental Figure 14D). In addition, most of the reported
zygotic (at 9 HAP) up- or downregulated genes were found to be similarly regulated in the
present transcriptome (Anderson et al., 2017) (Supplemental Figure 14E). RT-qPCR validated 6
zygote-expressed genes (Supplemental Figure 14F). A majority of the DEGs showed differential
methylation in zygotes versus eggs (Supplemental Figure 14G), including those involved in cell
cycle, DNA metabolism and transcription (Supplemental Figure 14H and Supplemental Table 4),

which were previously identified as zygotic (versus egg) DEGs (Anderson et al., 2017).

To evaluate whether differential methylations in the dng mutants was involved in gene
expression, we analyzed the transcriptomes of dng702 and dng701/4 eggs and dng701/4 zygote
by RNA-seq (Supplemental Table 3). Although different between wild type and mutants, the

transcriptomes from the same cell types were close in position in the multidimensional scaling
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analysis (Supplemental Figure 14B). In eggs, the dng702 and dng701/4 mutations resulted in
respectively 3898 and 1824 downregulated and 2716 and 1854 upregulated genes (>2 fold,
p<0.01) (Figure 6A).Numbers of up- and down-regulated DEGs were found to associate with
hyper DMRs in the mutants (Figure 6B), although no general link between methylation and
expression changes gene in the mutant was observed. Relatively few of the DEGs (231 down
and 186 up) were commonly affected by the dng702 and dng701/4 mutations (Figure 6B).
Clustering of hyper DMR-associated DEGs in the mutants by their expression patterns in wild
type egg and zygote revealed that 265 and 160 genes that were highly expressed in wild type
egg but repressed in wild type zygote, were downregulated and hypermethylated respectively
in dng702 and dng701/4 mutant eggs (Figure 6C and Supplemental Table 5) (Anderson et al.,
2017). These genes included many transcription factors such as WRKY7 (0s05g46020), a bHLH
(0s08g39630), and corepressor SEUSS (0Os11g10060, Os11g10070) that are highly expressed in
egg but repressed in zygote in the wild type background (Supplemental Table 5 and Figure 6D).
These genes may be potentially important for egg cell function. In addition, 104 genes that were
highly expressed in wild type zygote (relative to egg) were upregulated and hypomethylation in
dng701/4 eggs (Fig 6C). The mutations seemed not to clearly affect their expression in the
zygote (Figure 6C). The data indicate that the DNA glycosylases play important roles in gene

expression in egg and during egg to zygote transition.

In zygotes, the dng701/4 mutation resulted in upregulation of 1061 and downregulation of 1152
genes (>2 fold, p<0.01) (Figure 6E). The dng701/4 zygote and egg DEGs showed some overlap
but more than 90% of the DEGs were different (Figure 6F), supporting the above proposed
hypothesis that the demethylases regulate different sets of targets in egg and zygote. Density
plot analysis of transcript levels of wild type zygote-egg DEGs (Supplemental Figure 14D) in the
dng701/4 background revealed that their differential expression levels were substantially
reduced by the mutations (Figure 6G). About 50% of the wild type zygote-egg DEGs were no
long differentially expressed in the mutant zygote, about 30% of which were found to associate
with hyper DMRs (Figure 6H). Among those downregulated and hypermethylated genes, many
are involved in cell cycle, DNA metabolism, translation, and transcription (Figure 6l and 6J). The

analysis indicated that the DNG701/4 genes play an important role in zygotic gene expression.
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Discussion

Methylation reprograming in zygotes and during early embryogenesis

While DNA methylation patterns in general are transmitted stably across generations, there is
also evidence for methylation variations at specific sequence contexts and in specific cell types
during reproduction (Gehring, 2019). We showed that DNA methylation is locally reconfigured
in rice gametes and zygote and is remodeled during post-zygotic development and
embryogenesis (Figure 7). We found that both loss and gain of methylation, mainly at CHH
contexts, occur in rice gametes, zygote and during embryo development. The DNA
demethylases that we showed to target distinct genomic regions in gametes and zygote
contribute to the differential methylation between the reproductive cells and are required for
reproduction. In rice, mCHH is mainly found at small TEs that are located in genic regions and
has been shown to be a strong indicator of RADM (Stroud et al., 2014; Tan et al., 2018; Tan et al.,
2016; Zemach et al., 2013). Gain of mCHH at specific genomic loci in zygotes implies that RdADM
is functional after fertilization to undertake de novo methylation which appears to be important
for zygote genome activation (Figure 7). This is in line with previous data showing defects in
timing of zygotic genome activation in seeds produced from crosses with one parent defective
in RADM (Autran et al., 2011; Baroux et al., 2013; Zhao et al., 2019). RdDM was shown to
repress paternal genome expression in Arabidopsis 2-4 cell embryo (Autran et al., 2011). Likely,
both the DNA glycosylase-mediated active demethylation and RdADM shape the methylation
pattern after fertilization which may be instructive for zygotic genome activation. Methylation
at CHH context is not efficiently maintained during rapid cell division of the early embryo,
consistent with recent results that RdADM activity is low in rapidly dividing cells (Borges et al.,
2021). This is in line with previous observation of dramatic reprogramming of non-CG

methylation during Arabidopsis embryo development (Bouyer et al., 2017; Lin et al., 2017).

DNA glycosylases function in reproductive cells

Active DNA demethylation by the Arabidopsis DNA glycosylase DME has been shown to regulate

DNA methylation patterns in companion (vegetative and central) cells of egg and sperm

(Gehring et al., 2006; Hsieh et al., 2009; Ibarra et al., 2012; Park et al., 2016; Schoft et al., 2011).
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Arabidopsis DME is expressed and demethylates DNA in central cell (or endosperm) and pollen
vegetative cell (Choi et al., 2002; Ibarra et al., 2012; Park et al., 2016; Schoft et al., 2011). DME-
mediated DNA demethylation at central cell TEs regulates adjacent gene expression, which can
result in gene imprinting in the endosperm. DNA glycosylase-regulated demethylation in central
cell and vegetative cell seems to be conserved in rice (Kim et al.,, 2019; Park et al., 2016;
Rodrigues et al., 2013). The present data provide evidence that the rice DNG702 and DNG701/4
genes function also in the gametes and the zygote to regulate DNA methylation, gene
expression and zygote development. This is consistent with their expression in egg, sperm and
zygote. DNG702 had a higher expression in the zygote than in the egg cell, which may be due to
the high expression of the paternal allele (Supplemental Figure 4A) (Anderson et al., 2013). The
high zygotic expression of the gene and the zygotic abortion phenotype induced by its mutation
suggest that this demethylase is a major player for demethylation in zygote and during early
embryogenesis where important loss of CHH methylation was detected at globular stage (Figure
7). Because the production of the mutants included the tissue culture, tissue culture effect
could not be completely excluded from the dng mutation-induced DNA methylation changes.
Arabidopsis DME RNA is detected in pollen, but not in isolated sperm cells (Schoft et al., 2011).
It remains unclear whether Arabidopsis DME is expressed or functional in egg cell. DME has no
orthologue in monocots (Zemach et al., 2010b). The functional or expression differences in
sperm or egg between rice and Arabidopsis demethylase genes may be caused by divergent
evolution of the plant DNA glycosylase family. That the dng mutations affected methylation and
expression patterns at distinct genomic regions in the different reproductive cells implies an
essential role of the enzymes before and after fertilization, but also raises the question of how
the glycosylases target distinct chromatin regions in the different cells (Frost et al., 2018). One
possibility would be that their recruitment is conditioned by distinct overall chromatin
structures in gametes and zygotes. It was shown that Arabidopsis DME can access to
euchromatin but not to heterochromatin without FACT histone chaperon (Frost et al., 2018). In
addition, it was shown that DME catalytic domain can be recruited to heterochromatins but

could not process demethylation effectively (Zhang et al., 2019).
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Multiple sex-specific changes in chromatin structure occur during development of reproductive
cells (Li et al., 2020a; Walker et al., 2018; Wang and Kohler, 2017). For instance, histone H1 and
the centromere-specific histone variant CENH3 are depleted from the egg cell (Ingouff et al.,
2010; Ingouff et al., 2017; She et al., 2013), while H3K27me3 is depleted from the sperm cell
chromatin that is highly compact, likely related to deposition of a set of male specific histone
variants (Borg and Berger, 2015; Borg et al., 2020). In addition, analysis of single cell 3D
chromatin structure has revealed a compact silencing center (CSC) structure in rice eggs which is
dynamically remodeled after fertilization (Zhou et al., 2019). It was shown that DNG702 (or
OsR0OS1a) demethylates locally at CG and CHG contexts in endosperm and vegetative cells (Kim
et al., 2019; Liu et al., 2018). Thus, the rice DNA glycosylase genes may function in both gametes
and companion cells to reprogram DNA methylation and gene expression. During human oocyte
to zygote transition, pre-zygotic genome activation (ZGA) embryos acquire permissive
chromatin and widespread H3K4me3 in CpG-rich regulatory regions. By contrast, the repressive
mark H3K27me3 undergoes global depletion (Xia et al., 2019). Recent results indicate that
H3K27me3 is depleted from sperm chromatin in Arabidopsis (Borg et al., 2020). Whether and

how histone methylations are reprogrammed after fertilization in plants remain to be analyzed.

METHODS

Generation of dng702, dng701/4 homozygous lines

The rice variety DJ (Donglin) (Oryza sativa spp. japonica) was used in this study. Single-guide
RNAs (sgRNA) of CRISPR/Cas9 system were designed as reported (He et al., 2017). The sgRNA
target sequences of DNG702, DNG701, and DNG704 are shown in Supplemental Table 6.
Agrobacterium tumefaciens (strain EHA105) mediated transformation of rice was performed as
described previously (Lin and Zhang, 2005; Zhang et al., 1997). Briefly, after infection by
agrobacteria containing Crispr/Cas9 vector calli were put on selection media. The resistant calli
were transferred to regeneration media to introduce seedlings. The transformants were
genotyped with PCR (using primers sets corresponding to the sgRNAs) followed by DNA
sequencing. Mutations in DNG702, DNG701, and DNG704 were decoded by using the
DSDecodeM tool (http://skl.scau.edu.cn/dsdecode/) (Liu et al., 2015; Xie et al., 2019). Lines with
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mutations in both alleles were obtained at TO generation. A homozygous dng702 mutant line
(with the same mutations in both alleles) was identified. Because of zygote abortion in dng702
homozygous mutants, the homozygous mutant lines were maintained by ratooning after
flowering (i.e. removing the aerial parts for shoot regeneration)
(https://en.wikipedia.org/wiki/Ratooning). The dng701 and dng704 single mutants displayed no
visible phenotype. Double null mutants of DNG701 and DNG704 were created by vectors
containing the one guide RNA shared by the two genes. Crispr lines without exogenous DNA

fragment insertion (CRISPR-negative lines) were used as control during methylation analysis.
Egg, Sperm, and unicellular zygote isolation

Rice plants were grown in either greenhouse or paddy field. Rice gametes and unicellular
zygotes were isolated from mature anthers and ovaries of T3 generation transgenic plants as
reported (Zhou et al., 2019)(Zhang et al., 2010). Briefly, mature anthers were soaked in 45%
(w/v) sucrose and then transferred into 15% (w/v) sucrose to release sperm pairs. For isolation
of eggs and unicellular zygotes, ovaries of non-pollinated and pollinated florets (about 6.5 h
after pollination) were manually dissected under a dissection microscope. The dissociated
ovules were then transferred into fresh 0.53 M mannitol and broken to release eggs or zygotes.
All isolated cells were stained by FDA (Fluoresceinc diacetate, Sangon, 596-09-8) and collected
by a micromanipulator system (Eppendorf, TransferMan® 4r). Despite three types of seeds
produced by dng701/4 mutation, we could not distinguish them at unicellular zygote stage the

zygotes of dng701/4 harvested were a mixture of the three different phenotypes.
RNA-seq and BS-seq library construction

For RNA-seq library construction, mRNA isolated from egg and unicellular zygote were reverse
transcribed and amplified by utilizing SMART-Seq® v4 Ultra® Low Input RNA Kit (TAKARA, Cat.
No.634889), cDNAs were sheared into 200-400 bp DNA fragments followed by purification using
Agencourt AMPure Beads (Beckman Coulter, USA A63881). The rest steps were performed using
the Truseq ChIP DNA library preparation kit (lllumina. IP-202-1012). BS-seq libraries were
constructed using reported protocol (Clark et al., 2017) with modified primer adapter 2 oligo

and iPCRtag primers (Supplemental Table 6). Fifty cells were pooled for each replicate for
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bisulfite seq library construction. The globular embryo was isolated by laser microdissection.
Briefly, seeds at 3 days after pollination were fixed in ethanol/acetic acid fixing solution (v 3:1)
in 37°C for three times, then dehydrated with gradient ethanol and infiltrated by isopropanol
followed by paraffin replacement and embedded. Globular embryos were isolated by dissection
of the embedded seeds with ZEISS PALM MicroBeam system. DNA was isolated with DNA Micro
Kit (Qiagen, 56304).

Paraffin section

Florets were marked by the flowering time and collected at 0, 1, 3, 4, and 5 days after
fertilization. 50% FAA (50 ml absolute ethanol, 10ml 37% formaldehyde solution, 5 ml glacial
acetic acid, add double distilled water to 100 ml) was used to fix samples. Paraffin embedding
was performed as described(Itoh et al., 2005). Longitudinal slices were stained by toluidine blue

(2% w/v) for two minutes at room temperature.

RNA-seq assay

Sequencing reads were mapped to genome (RGAP, version 7.0) by Hisat (0.1.6-beta) software,
cufflinks (v2.2.1) suite was used to splice transcripts and calculate gene expression fold changes.
Genes with fold change higher than 2 and Q value less than 0.01 were considered as
differentially expressed genes. Expression matrix of all expressed genes for all samples was
generated. Multidimensional scaling analysis (MDS) was performed to calculate the Euclidean
distances of expression profiles of different samples, scatter plots of distances were drawn in R
environment. Reported RNA-seq data were downloaded from SRA database (Anderson et al.,
2017). The transcription profiles of reported rice egg, sperm, and vegetative cells were
download from Gene Expression Omnibus (GEO) (accession number GSE50777)(Anderson et al.,

2013).

BS-seq assay

The mapping, processing, and duplication filtering were all performed by using the standard

procedure BS-seeker2 (v.2.1.8)(Guo et al., 2013). Clean reads were mapped to the rice genome

18



502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

(RGAP, version 7.0). Duplication was removed, and uniquely mapped reads were retained for
further analysis. Mean nuclear methylation levels were calculated by averaging methylation of

individual cytosine in each context as described (Kim et al., 2019).

BS-seq data of mature embryo and seedlings were downloaded from Sequence Read Archive
(SRA) database, the accession numbers were SRR771502 for mature embryo and SRR3503136,
SRR3503137 for seedling (de Vega-Bartol et al., 2013; Tan et al., 2018).

Differentially methylated regions (DMRs) were identified within 50 bp bins (7,614,209 bins in
total of rice genome) with at least 20 informative sequenced cytosines (i.e. the sum of the
sequence depth of each cytosine multiplied by the number of cytosines within 50-bp bins at CG,
CHG or CHH context) in both samples as described®(Kim et al., 2019). Numbers of bins that
pass the requirement with at least 20 sequenced informative cytosines were provided in
Supplemental Table 1. Methylation level in each bin was determined by dividing the total
number of methylated cytosines with the total sequenced cytosine numbers. Bins with
methylation differences greater than 0.5, 0.3, and 0.1 respectively at CG, CHG, and CHH
contexts with P values <0.05 (Fisher’s exactly test) were considered as differentially methylated
regions. Considering replicate variance, only DMRs showing significant methylation in both
replicates of the sample compared to the replicates of the other sample are retained (i.e. the CG,
CHG, and CHH methylation difference between any replicate comparison combinations must be
higher than 0.5, 0.3 and 0.1). To deduce tissue culture effect on DNA methylation, we isolated
egg and zygote derived from callus-regenerated wild type (crWT) for BS-seq to compare with
wild type. dng mutant DMRs that overlap with crWT-WT DMR were subtracted for further
analysis. The detail information of the mutant DMRs in the replicates are provided in

Supplemental Table 2.

Density plots were performed to show the frequency distribution of methylation differences of
50 bp bins between two samples, only the bins containing at least 20 informative sequenced
cytosines in both samples and 0.7 CG, 0.3 CHG, or 0.1 CHH methylation ratios in either sample

were retained as described (Kim et al., 2019). To show methylation dynamics during fertilization
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(zygote versus egg) of DNG-demethylated regions, we firstly identified dng hyper-DMRs in egg
or zygote versus wild type then calculated methylation differences of the regions between
zygote and egg in wild type. The distribution of methylation differences was shown by density

plots.

For the analysis in Supplemental Figure 15, more vigorous criteria were applied for DMR calling.
Besides the above described criteria, the 50 bp-bin DMRs situated within 300 bp genomic
sequences were merged and retained for further analysis. The remaining isolated DMRs within

100 bp of the genomic sequence were discarded.

For small RNA assay, the reported somatic data (SRR6420549, SRR6420550) was used (Tan et al.,
2018). The mapped small RNA reads were counted for each DMR. RPKM was calculated to
represent small RNA abundance. As control, random regions in the genome were chosen to

show the background genomic small RNA enrichment.
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LOC_0s01g11900, DNG703, LOC_0s02g29230, DNG704, LOC_0s05g37410. All high throughput
data in support of the finding of this study deposited to the Gene Expression Omnibus (GEO)
under the accession number GSE143923. The globular embryo BS-seq data was under the

accession number GSM4057604 and GSM4057605.
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Figure legends
Figure 1. DNA cytosine methylation in rice gametes, zygote, globular and mature embryos.

(A) Box plots showing overall cytosine methylation levels (mCG, mCHG, and mCHH) in gene and
transposable element (TE) of rice Dongjin (DJ) egg (E), sperm (S), zygote (Z), globular embryo
(GE, 3 day after pollination), mature embryo (ME, 7 day after pollination), and seedling (Se).
Values of the methylomes are averages from the two replicates. The 25t and 75! percentiles
(box), and median values are shown. The upper whisker extends from the hinge to the largest
value no further than 1.5 x IQR from the hinge (where IQR is the inter-quartile range, or distance
between the first and third quartiles). The lower whisker extends from the hinge to the smallest
value at most 1.5 x IQR of the hinge. The significance of difference P values (Student t-test, one
side, paired) between the indicated comparison are shown. (B) Density plot showing the
frequency distribution of fractional methylation differences at 50 bp windows between the
indicated samples. The significant difference P values (Student t-test, one side, paired) between
the indicated comparison are shown. (C) Numbers of differentially methylated regions (DMR) of
50 bp between the indicated comparisons, distributed in TE, gene and intergenic regions.
Enrichment P values (Fisher’s exactly test, one side) of GE-Z hypo- and ME-GE hyper-CHH DMR in
TE are 0.00144 and 2.1e-16, respectively. (D) Genome browser screenshots of mCG, mCHG, and

mCHH in egg (E), sperm (S), and zygote (Z). Two replicates are shown. Grey illustrates DMRs.

Figure 2. Effects in DNA glycosylase mutations in seed and embryo development.

(A) Seed setting rates in dng702 and dng701/4 compared with wild type plants. Upper part:
spikelet phenotypes. Lower part: box plots of seed setting ratio of three indicated genotype
plants, n=10 panicles. The 25 and 75" percentiles (box), median and highest and lowest values
are shown. (B) Percentages of the three indicated seed types observed in each genotype
calculated from 1550, 1430, and 1600 seeds for wild type (WT), dng702 and dng701/4,
respectively. (C, D) Phenotypes of dng702 (C) and dng701/4 (D) ovaries before pollination (BP)
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and at 1-5 days after pollination (DAP). Red arrows indicate the aborted embryos. Orange arrows
indicate retarded embryo development. e/s: egg/synergid, cc: central cell, EGE: early globular

embryo, GE: globular embryo, SAM: shoot apical meristem, ra: radicle. Bars = 50 um.
Figure 3. DNG proteins demethylate DNA in rice gametes and unicellular zygote.

(A) Box plots of overall methylation levels in gene (upper part) and TE (lower part) of wild type
(WT) and dng702 and dng701/4 mutant egg (E), sperm (S), and zygote (Z) and CRISPR-negative
(crWT) and dng702 heterozygous (dng702 (+/-) egg. Two replicates per genotype are shown. The
25™ and 75% percentiles (box), and median values are shown. The upper whisker extends from
the hinge to the largest value no further than 1.5 x IQR from the hinge (where IQR is the inter-
quartile range, or distance between the first and third quartiles). The lower whisker extends
from the hinge to the smallest value at most 1.5 x IQR of the hinge. The values are averages of
the two replicates per genotype. The significant difference (Student T test, one tailed) P values
between the mutants and wild type are indicated. **, P value<0.01; *, P value <0.05. (B)
Numbers of differentially methylated regions (DMR) in the indicated mutant cells relative to wild
type after subtraction of the crWT-WT DMRs after subtraction of the crWT-WT DMRs. (C)
Overlaps between dng702 and dng701/4 egg DMRs. Complementary numbers are indicated. (D)
Overlap of dng701/4 egg and zygote DMRs.

Figure 4. Genomic regions demethylated by DNG proteins in egg are remethylated in zygote.

(A) Density plots of frequency distributions of CG, CHG, and CHH methylation differences at 50
bp windows between dng702 and wild type (WT) eggs. (B) Upper part: density plots of
hypermethylated regions (pink to red) in the mutant shown in (A) with methylation differences
between zygote and egg in wild type. Randomly selected regions (green) from A were plotted as
control. Lower part: boxplots of zygote versus egg methylation differences of all regions (Z-E)
and the colored regions in B. P values of difference significances (student’s t test, two sides) are
indicated. Y axis: zygote-egg methylation difference in wild type. The 25" and 75t™ percentiles
(box), median and highest and lowest values are shown. (C) Numbers of dng702 and dng701/4
egg hyper DMRs that are hypermethylated in wild type zygotes versus eggs. (D) Screenshot

example showing that a Z-E hypermethylated region hypermethylated in dng702 egg.
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Figure 5. Hypermethylated regions in the egg genome are demethylated by DNG701/4 in

zygote.

(A) Density plot of frequency distributions of CG, CHG, and CHH methylation differences at 50-
bp windows between dng701/4 and wild type (WT) zygotes. (B) Upper part: density plots of
hypermethylated regions (pink - red) identified in the mutant A with the methylation
differences between zygote and egg in wild type. Randomly selected regions (green) from A
were plotted as control. Lower part: boxplots of zygote-egg methylation differences of all
regions (Z-E) and regions colored in B. P values of difference significances (student’s t test, two
sides) are indicated. Y axis: zygote-egg methylation difference in wild type. The 25t and 75t
percentiles (box), median and highest and lowest values are shown. (C) Numbers of dng701/4
egg hyper DMRs that are hypomethylated in wild type zygotes versus eggs. (D) Screenshot

example showing that a Z-E hypomethylated region was hypermethylated in dng701/4 zygote.
Figure 6. Function of DNG genes in egg and zygote gene expression.

(A) Scattering plotted of differential transcript levels in mutant eggs relative to wild type against
log2FC. Red dots indicate differentially expressed genes (DEGs) (>2 fold, Q value<0.01). (B)
Overlapping of dng701 and dng701/4 egg DEGs associated with hyper DMR. (C) Heat map
clustering of 265 and 160 wild type egg-expressed (relative to zygote) genes that were
downregulated and hypermethylated respectively in dng702 and dng701/4 eggs and 104 wild
type zygote-expressed (relative to egg) genes that were upregulated and hypomethylated in
dng701/4 eggs. (D) IGV of two examples of the genes described in (C). (E) Scattering plot of
transcript levels in dng701/4 zygote versus wild type. (F) Overlapping of dng701/4 egg and
zygote DEGs associated with hyper DMR. The P values of overlapping significances (Fisher’s
exactly test) for up and down-regulated genes in egg and zygote are 1.23e-17 and 3.32e-17,
respectively. (G) Density plots of wild type zygote-egg DEGs (>2 folds, p<0.01, Figure 1F) (left) in
dng701/4 background (right). Dashed lines indicate 2 fold changes. (H) Numbers of up- or
downregulated genes in wild type zygote relative to egg that remained to be differentially (red
and green) or no longer differentially (white and grey) expressed in dng701/4 zygote. Grey

represents DEGs associated with hyper DMRs in body or promoter in the mutant zygote. (l)
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Numbers of cell cycle (CC) (GO: 0007049), DNA metabolism (DM) (GO: 0006259), and
transcription factor (TF) (GO: 0003700) genes belonging to the grey box in (D). (J) Left panel,
heat map of several zygote-activated (relative to the gametes) genes that were repressed and
hyper-CHH methylated in dng701/4 zygotes. Right panel, genome browser snapshots showing
mMCHH levels of three indicated genes in wild type and crWT egg (E) and zygote (Z) and dng701/4
zygote (701/4-Z), sperm (701/4-S) and egg (701/4-E).

Figure 7. Model of DNA methylation remodeling before and after fertilization and function of

the DNA demethylases DNG702 and DNG701/DNG704.

DNG702 and DNG701/704 are shown to target different euchromatin regions for DNA
demethylation in gametes (egg and sperm). RNA-directed DNA methylation (RdDM) is suggested
to be involved in the remodeling of CHH methylation in zygote and during postzygotic

development. Dashed arrows indicate hypothetic actions.
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Figure 1. DNA cytosine methylation in rice gametes, zygote, globular and mature embryos.

(A) Box plots showing overall cytosine methylation levels (nCG, mCHG, and mCHH) in gene and transposable
element (TE) of rice Dongjin (DJ) egg (E), sperm (S), zygote (Z), globular embryo (GE, 3 day after pollination),
mature embryo (ME, 7 day after pollination), and seedling (Se). Values of the methylomes are averages from
the two replicates. The 25" and 75t percentiles (box), and median values are shown. The upper whisker
extends from the hinge to the largest value no further than 1.5 x IQR from the hinge (where IQR is the inter-
quartile range, or distance between the first and third quartiles). The lower whisker extends from the hinge to
the smallest value at most 1.5 x IQR of the hinge. The significance of difference P values (Student T test, one
side, paired) between the indicated comparison are shown. (B) Density plot showing the frequency distribution
of fractional methylation differences at 50 bp windows between the indicated samples. The significant
difference P values (Student T test, one side, paired) between the indicated comparison are shown. (C)
Numbers of differentially methylated regions (DMR) of 50 bp between the indicated comparisons, distributed in
TE, gene and intergenic regions. Enrichment P values (Fisher’s exactly test, one side) of GE-Z hypo- and ME-
GE hyper-CHH DMR in TE are 0.00144 and 2.1e-16, respectively. (D) Genome browser screenshots of mCG,
mCHG, and mCHH in egg (E), sperm (S), and zygote (Z). Two replicates are shown. Grey illustrates
differentially methylated regions.
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Figure 2. Effects in DNA glycosylase mutations in seed and embryo development.

(A) Seed setting rates in dng702 and dng701/4 compared with wild type plants. Upper part, spikelet
phenotypes. Lower part, box plots of seed setting ratio of three indicated genotype plants, n=10
panicles. The 25" and 75" percentiles (box), median and highest and lowest values are shown. (B)
Percentages of the three indicated seed types observed in each genotype calculated from 1550,
1430, and 1600 seeds for wild type (WT), dng702 and dng701/4, respectively. (C, D) Phenotypes of
dng702 (C) and dng701/4 (D) ovaries before pollination (BP) and at 1-5 days after pollination (DAP).
Red arrows indicate the aborted embryos. Orange arrows indicate retarded embryo development. e/s:
egg/synergid, cc: central cell, EGE: early globular embryo, GE: globular embryo, SAM: shoot apical
meristem, ra: radicle. Bars = 50 ym.
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Figure 3. DNG proteins demethylate DNA in rice gametes and unicellular zygote.

(A) Box plots of overall methylation levels in gene (upper part) and TE (lower part) of wild type (WT) and dng702
and dng701/4 mutant egg (E), sperm (S), and zygote (Z) and CRISPR-negative (crWT) and dng702 heterozygous
(dng702 (+/-) egg. Two replicates per genotype are shown. The 25" and 75 percentiles (box), and median
values are shown. The upper whisker extends from the hinge to the largest value no further than 1.5 x IQR from
the hinge (where IQR is the inter-quartile range, or distance between the first and third quartiles). The lower
whisker extends from the hinge to the smallest value at most 1.5 x IQR of the hinge. The values are averages of
the two replicates per genotype. The significant difference (Student T test, one tailed) P values between the
mutants and wild type are indicated. **, P value<0.01; *, P value <0.05. (B) Numbers of differentially methylated
regions (DMR) in the indicated mutant cells relative to wild type after subtraction of the crWT-WT DMRs. (C)
Overlaps between dng702 and dng701/4 egg DMRs. Complementary numbers are indicated. (D) Overlap of
dng701/4 egg and zygote DMRSs.
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Figure 4. Genomic regions demethylated by DNG proteins in egg are remethylated in zygote.

(A) Density plots of frequency distributions of CG, CHG, and CHH methylation differences at 50 bp
windows between dng702 and wild type (WT) eggs. (B) Upper part: density plots of hypermethylated
regions (pink to red) in the mutant shown in (A) with methylation differences between zygote and egg in
wild type. Randomly selected regions (green) from A were plotted as control. Lower part: boxplots of
zygote versus egg methylation differences of all regions (Z-E) and the colored regions in B. P values of
difference significances (student’s t test, two sides) are indicated. Y axis, zygote-egg methylation
difference in wild type. The 25% and 75t percentiles (box), median and highest and lowest values are
shown. (C) Numbers of dng702 and dng701/4 egg hyper DMRs that are hypermethylated in wild type
zygotes versus eggs. (D) Screenshot example showing that a Z-E hypermethylated region was
hypermethylated in dng702 egg.
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Figure 5. Hypermethylated regions in the egg genome are demethylated by DNG701/4 in zygote.

(A) Density plot of frequency distributions of CG, CHG, and CHH methylation differences at 50-bp windows
between dng701/4 and wild type (WT) zygotes. (B) Upper part: density plots of hypermethylated regions (pink
- red) identified in the mutant A with the methylation differences between zygote and egg in wild type.
Randomly selected regions (green) from A were plotted as control. Lower part: boxplots of zygote-egg
methylation differences of all regions (Z-E) and regions colored in B. P values of difference significances
(student’s t test, two sides) are indicated. Y axis, zygote-egg methylation difference in wild type. The 25t and
75t percentiles (box), median and highest and lowest values are shown. (C) Numbers of dng701/4 egg hyper
DMRs that are hypomethylated in wild type zygotes versus eggs. (D) Screenshot example showing that a Z-E
hypomethylated region was hypermethylated in dng701/4 zygote.
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Figure 6. Function of DNG genes in egg and zygote gene expression. (A) Scattering plotted of differential
transcript levels in mutant eggs relative to wild type against log,FC. Red dots indicate differentially
expressed genes (DEGs) (>2 fold, Q value<0.01). (B) Overlapping of dng701 and dng701/4 egg DEGs
associated with hyper DMR. (C) Heat map clustering of 265 and 160 wild type egg-expressed (relative to
zygote) genes that were downregulated and hypermethylated respectively in dng702 and dng701/4 eggs,
and 268 and 104 wild type zygote-expressed (relative to egg) genes that were up-regulated and
hypomethylated in dng702 and dng701/4 eggs, respectively. (D) IGV of two examples of the genes
described in (C). (E) Scattering plot of transcript levels in dng701/4 zygote versus wild type. (F)
Overlapping of dng701/4 egg and zygote DEGs associated with hyper DMR. The P values of overlapping
significances (Fisher’s exactly test) for up and down-regulated genes in egg and zygote are 1.23e-17 and
3.32e-17, respectively. (G) Density plots of wild type zygote-egg DEGs (>2 folds, p<0.01, Fig. 1F) (left) in
dng701/4 background (right). Dashed lines indicate 2 fold changes. (H) Numbers of up- or downregulated
genes in wild type zygote relative to egg that remained to be differentially (red and green) or no longer
differentially (white and grey) expressed in dng701/4 zygote. Grey represents DEGs associated with
hyper DMRs in body or promoter in the mutant zygote. (I) Numbers of cell cycle (CC) (GO:0007049), DNA
metabolism (DM) (G0:0006259), and transcription factor (TF) (GO:0003700) genes belonging to the grey
box in (H). (J) Left panel, heat map of several zygote-activated (relative to the gametes) genes that were
repressed and hyper-CHH methylated in dng701/4 zygotes. Right panel, genome browser snapshots
showing mCHH levels of three indicated genes (A-D) in wild type and crWT egg (E), zygote (Z), and
dng701/4 zygote (701/4-Z), sperm (701/4-S) and egg (701/4-E).
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Figure 7. Model of DNA methylation remodeling before and after fertilization and function of the
DNA demethylases DNG702 and DNG701/DNG704. DNG702 and DNG701/704 are shown to target
different euchromatin regions for DNA demethylation in gametes (egg and sperm). RNA-directed DNA
methylation (RdDM) is suggested to be involved in the remodeling of CHH methylation in zygote and
during postzygotic development. Dashed arrows indicate hypothetic actions.





