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ABSTRACT

DNA methylation plays essential homeostatic
functions in eukaryotic genomes. In animals, DNA
methylation is also developmentally regulated and,
in turn, regulates development. In the past two
decades, huge research effort has endorsed the

understanding that DNA methylation plays a similar
role in plant development, especially during sexual
reproduction. The power of whole-genome se-
quencing and cell isolation techniques, as well as
bioinformatics tools, have enabled recent studies to
reveal dynamic changes in DNA methylation during
germline development. Furthermore, the combina-
tion of these technological advances with genetics,
developmental biology and cell biology tools has
revealed functional methylation reprogramming
events that control gene and transposon activities
in flowering plant germlines. In this review, we dis-
cuss the major advances in our knowledge of DNA
methylation dynamics during male and female
germline development in flowering plants.
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INTRODUCTION

he addition of a methyl group to the 5th carbon of cyto-

sine, referred to as 5-methylcytosine, is a prevalent DNA
modification that plays essential regulatory roles in eukary-
otic genomes (Zemach and Zilberman, 2010; Smith and
Meissner, 2013; Zhang et al., 2018). Cytosine methylation in
the CG-dinucleotide context is maintained by DNA methyl-
transferase 1 (Dnmt1, called MET1 in plants), which methyl-
ates hemimethylated CG sites during DNA replication (Law
and Jacobsen, 2010). Plant transposable elements (TEs) are
also methylated in CHG and CHH contexts (where H is A, C,
or T) by two plant-specific DNA methyltransferases, CHRO-
MOMETHYLASE 3 (CMT3; CHG) and CMT2 (CHH) (Zhang
et al., 2018). CMTs preferentially bind to the heterochromatin
mark, histone H3 Lys9 dimethylation (H3K9me2), catalyzed
by a group of histone methyltransferases, namely SU (var)3-9

homologue 4/5/6 (SUVH4/5/6), to induce non-CG methyl-
ation, which in turn promotes H3K9me2 mediated by SUVH4/
5/6, forming a self-reinforcing loop (Zhang et al., 2018).

The establishment of de novo methylation in all sequence
contexts, and maintenance of non-CG methylation, is cata-
lyzed by plant Dnmt3 homologs (DOMAINS REARRANGED
METHYLTRANSFERASE1 and 2, and DRM1 and 2, in
Arabidopsis thaliana) (Law and Jacobsen, 2010). DRMs
function within the small RNA-directed DNA methylation
pathway (RdDM). RdADM comprises two large sets of com-
ponents responsible for small interfering RNA (siRNA)
biogenesis (simplified as the RNA Polymerase IV (Pol IV)
pathway) and DNA methylation (the RNA Polymerase V (Pol
V) pathway). In the Pol IV pathway, transcripts are produced
by a plant-specific RNA Pol IV, converted into double-
stranded by RNA-dependent RNA polymerase 2 (RDR2)
(Huang et al., 2021), and cleaved by Dicer-like 3 (DCL3) into
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24-nt siRNAs (Matzke and Mosher, 2014). In the Pol V
pathway, the siRNA is loaded into an Argonaute protein-
containing effector complex, which binds to a homologous
transcript generated by another plant-specific RNA poly-
merase, Pol V, and recruits DRM methyltransferases (Matzke
and Mosher, 2014). Pol IV and Pol V preferentially associate
with  CHG/H methylated DNA, making RdDM a self-
reinforcing pathway in which DNA methylation promotes the
generation of methylation-inducing sRNAs (Kuo et al,
2017; Wendte and Pikaard, 2017).

Loss of DNA methylation can occur passively, by main-
tenance failure during DNA replications, or actively, via DNA
demethylases. In animals and plants, active DNA demethy-
lation requires the excision of 5mC or its derivatives by DNA
glycosylases, and the following base excision repair pathway
that repairs the DNA with unmethylated cytosine. In animals,
5mC is first oxidated or deaminated before being excised
by DNA mismatch repair glycosylases, whereas plant DNA
glycosylases directly excise 5mC (Zhang et al., 2018). The
involvement of DNA glycosylases in active DNA demethyla-
tion was uncovered in Arabidopsis through the discovery of
REPRESSOR OF SILENCING 1 (ROS1) and its homolog
DEMETER (DME) 20 years ago (Choi et al., 2002; Gong et al.,
2002). ROS1, DME, DEMETER-LIKE PROTEIN 2 (DML2) and
DML3 are a subfamily of bifunctional DNA glycosylases,
which excise 5mC regardless of sequence context (Choi
et al.,, 2002; Gong et al., 2002; Gehring et al.,, 2006
; Penterman et al., 2007; Ortega-Galisteo et al., 2008; Zhu,
2009). ROS1, DML2 and DML3 are expressed mainly in so-
matic tissues, while DME is preferentially expressed in the
gamete companion cells, i.e., the vegetative cell of pollen and
the central cell of female gametophytes (Choi et al.,
2002; Gong et al., 2002; Ortega-Galisteo et al., 2008; Calarco
et al., 2012; Ibarra et al., 2012; Park et al., 2017).

DNA methylation patterns are faithfully replicated during cell
divisions, thus allowing methylation to exert homeostatic func-
tions during development (Smith and Meissner, 2013; Pikaard
and Scheid, 2014). However, in animals and plants, essential
methylation reprogramming occurs in the germlines (Sei-
senberger et al., 2013; Tang et al., 2016; Walker et al., 2018).
Mammalian germlines undergo genome-wide demethylation
soon after their specification in the embryo (Seisenberger et al.,
2013). This demethylation is crucial for epigenetic resetting,
restoration of pluripotency and erasure of parental imprints
(Seisenberger et al., 2013; Tang et al., 2016). Subsequently,
methylation is re-established globally, including imprints repre-
sentative of the sex of the embryo (Seisenberger et al., 2013).
Remethylation is mediated by Dnmt3 de novo methyltransfer-
ases and piwi-interacting RNAs (piRNAs), a class of siRNAs
specifically expressed in gonads (Téth et al., 2016; Greenberg
and Bourc'his, 2019). Impairment of methylation reprogram-
ming reduces male and female fertility (Stewart et al,
2016; Greenberg and Bourc'his, 2019). For example, male
meiosis is arrested at the pachytene stage, associated with the
derepression of TEs and gene misregulation (Greenberg and
Bourc'his, 2019).
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Plants and animals last shared a common unicellular sexual
ancestor over a billion years ago (Parfrey et al., 2011). As mul-
ticellularity evolved separately in plants and animals, they also
adopted distinctive reproductive strategies (Schmidt et al.,
2015; Hackenberg and Twell, 2019). Whilst animals usually
have a reserved germline sequestered early in development,
plants develop the germline from mature somatic cells (Schmidt
et al., 2015; Vielle-Calzada, 2017). Despite this difference, plants
and animals convergently evolved specialized nurse cell line-
ages to nourish the developing germline (Feng et al., 2013). For
example, the male germline in Arabidopsis initiates as pollen
mother cells (also called male meiocytes), which together with
their surrounding nurse cells, tapetal cells (collectively called
tapetum), descend from a common somatic precursor (Feng
et al., 2013; Gomez et al., 2015) (Figure 1A). Enclosed in this
essential nurse cell layer, male meiocytes undergo meiosis to
generate haploid microspores, each of which divides twice
mitotically to give rise to two sperm and a companion vegeta-
tive cell in a pollen grain (Hackenberg and Twell, 2019) (Figure
1A). In the Arabidopsis ovule, one subepidermal cell differ-
entiates as the female meiocyte (also called the megaspore
mother cell), which is surrounded by nucellar cells (Figure 1A).
After meiosis, one of the four haploid megaspores survives and
continues to divide mitotically into an 8-nucleated embryo sac,
containing a haploid egg cell, a diploid central cell and other
accessory cells (Figure 1A). Double fertilization, which is a
unique feature of flowering plants, occurs via the fusion of two
sperm cells with the egg and central cells, respectively, forming
the diploid embryo and triploid endosperm, a nutritious tissue
supporting embryo development (Schmidt et al., 2015; Fig-
ueiredo and Kohler, 2016) (Figure 1A).

Unlike mammals, plant male and female germlines do not
undergo genome-wide demethylation and remethylation (Kawa-
shima and Berger, 2014). However, dynamic, functional DNA
methylation changes take place during germline development.
Here we review the progress made in our understanding of these
DNA methylation changes, which was initiated and inspired by
the discovery of DME 20 years ago.

ACTIVE DNA
DEMETHYLATION IN GAMETE
COMPANION CELLS

DME-directed DNA demethylation in companion cells

DME was discovered to be essential for the maternal expression
of an imprinted gene MEDEA (MEA) in the endosperm, which is
required for seed viability (Choi et al., 2002). Imprinting refers to a
phenomenon where genes are expressed in a parent-of-origin-
specific fashion (Gehring, 2013; Batista and Kohler, 2020). For
example, the Polycomb group gene MEA is only expressed from
the maternal alleles in the endosperm, whereas the paternal allele
is repressed (Grossniklaus et al., 1998; Kinoshita et al.,
1999; Kiyosue et al., 1999; Luo et al., 1999). In the endosperm,
DME is required for the hypomethylation and expression of the
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Figure 1. Germline development and double fertilization in plants
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(A) Schematic diagram depicting male and female germline development in Arabidopsis. Ploidy levels of cells are indicated. PMC, pollen mother cell; MMC,
megaspore mother cell; MS, microspore; FM, functional megaspore; BCP, bicellular pollen; TCP, tricellular pollen; VN, vegetative nucleus; SC, sperm cell;
FG, female gametophyte; EC, egg cell; CC, central cell. (B) Diagram illustrating the initiation of DNA demethylation at a maternally expressed imprinted
gene in the central cell by DME. After fertilization in the endosperm, the paternal allele remains methylated and silenced, whereas the maternal alleles are
expressed due to the loss of DNA methylation that occurred earlier in the central cell.

maternal alleles of MEA, and other imprinted genes, such as
FWA and FIS2 (Choi et al., 2002; Kinoshita et al., 2004; Gehring
et al., 2006; Bauer and Fischer, 2011). Bisulfite sequencing of
Arabidopsis endosperm and embryo revealed DME-dependent
large-scale maternal DNA hypomethylation in the endosperm
that correlates with the expression of imprinted genes, showing
that DME-directed active DNA demethylation lays down the pri-
mary imprinting mark in the endosperm (Gehring et al.,
2009; Hsieh et al., 2009; Ibarra et al., 2012). This result is further
confirmed in the endosperm of other species such as rice and
maize, indicating a widely conserved mechanism in flowering
plants (Zemach et al., 2010; Xu et al., 2022).

How does DME distinguish between the maternal and pa-
ternal genomes in the endosperm? DME expression is not de-
tected in the endosperm but is specifically enriched in the central
cell before fertilization (Choi et al., 2002). As the maternal genome
of the endosperm is derived from the central cell, a plausible
explanation is that active DNA demethylation occurs in the
central cell before fertilization (Figure 1B). Owing to the advances
in low-input Next Generation Sequencing (Smallwood et al.,
2014) and cell isolation techniques, such as INTACT (Isolation of
Nuclei Tagged in specific Cell Types) (Deal and Henikoff, 2011),
central cell DNA methylomes were obtained from Arabidopsis
and rice, demonstrating DNA demethylation indeed occurs in the
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central cell and is mediated by DME and its rice homolog ROS1a
(Choi et al., 2002; Ibarra et al., 2012; Park et al., 2016b)
(Figure 1B).

Besides the central cel, DME is also expressed in
the sperm companion cell, the vegetative cell (Figure 2A)
(Schoft et al., 2011; Park et al., 2017). DME-regulated im-
printed genes, such as MEA and FWA, are demethylated and
transcribed in the vegetative cell (Schoft et al., 2011), sug-
gesting active DNA demethylation also occurs in vegetative
cells. Indeed, vegetative cells of Arabidopsis and rice show
prominent local hypomethylation in all sequence contexts
compared to sperm, and this hypomethylation requires DME
in Arabidopsis, or ROS1a in rice (Figure 2A, B) (Calarco et al.,
2012; Ibarra et al., 2012; Kim et al., 2019).

Besides gene regulation in the endosperm and vegetative
cell (Ibarra et al., 2012; Borg et al., 2021; Khouider et al., 2021),
DME-mediated active demethylation has been proposed
to serve genome defense functions. In the vegetative cell,
21-nuclectide (nt) siRNAs were found to accumulate at re-
activated TEs (Slotkin et al., 2009). These TEs are hyper-
methylated and silenced in the sperm, suggesting that
vegetative-cell-derived siRNAs move into the sperm cell and
reinforce TE silencing (Slotkin et al., 2009). The ability of
siRNAs to travel from vegetative cells to sperm is supported by

www.jipb.net



Journal of Integrative Plant Biology

A Soma Male side (VC): VvC/CC
. suppressed H7
heterochromatin expression heterochromatin
condensation j decondensation
Female side (CC):
r7190201 el (11141 |
hTE frotm %_hrlcl)mbatm hTEL I
otentially by :
: DME-mediated
EACT edge demethylation
hTE silencing

~

' DNA methylation hTE reactivation

v
»
Ll
»
»

c SC c
ie) ﬂ S
2 VN |2
> DME ]
- o
g Early MS SC 3
g T
Soma PMC Tetrad Late MS
A
s
2 GC VN, SC
g2 S
o g .
o o | Enhanced CMT3
T
o
Soma PMC MS
A VN 4 -
& | Refocus of RdDM S S
% |& Reduced CMT2 Enhanced S
== L RdDM — >
© = © <
Q% (6] “q‘)'
Se SE
© T SC ¢
I I
o o
Soma PMC MS

Figure 2. DNA methylation dynamics in the male germline

(A) Chromatin regulation of DME activity at heterochromatic transposable
elements (TEs). In the somatic nucleus, heterochromatin is condensed and
heterochromatic TEs (hTEs) are heavily DNA methylated and silenced. In the
vegetative cell (VC) and central cell (CC), decondensation of hetero-
chromatin permits the access of DME at the edges of hTEs, causing de-
methylation and hTE reactivation. Such decondensation is facilitated by H1
depletion, which naturally happens in the VC and is possibly mediated by
FACT in the CC. (B) Schematic diagram illustrating DNA methylation
changes during male germline development in Arabidopsis. We hypothesize
that reduced H1 (shown in green) in the germline (compared to soma)
contributes to enhanced CG methylation in the germline. Other involved
mechanisms are indicated by arrows, with dashed arrows showing potential
mechanisms that require further testing. Abbreviations are used as
in Figure 1A.

experiments showing the silencing of sperm-expressed Green
Fluorescent Protein by vegetative-cell-expressed siRNAs
(Martinez et al., 2016). Furthermore, DME-directed active DNA
demethylation at thousands of TEs in the vegetative cell is
required for CHH methylation of cognate transposons in sperm
(Ibarra et al., 2012). The genetic requirement of a demethylase
for DNA hypermethylation shows that siRNA movement is at
least a straightforward explanation for the reinforced TE
methylation in sperm. However, siRNA movement between
vegetative and sperm cells is still under some debate due
to the lack of direct evidence and demonstrated cytoplasmic
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connections between the vegetative and sperm cells
(Kawashima and Berger, 2014). On the female side, siRNA
expression in the central cell has been shown to induce post-
transcriptional silencing in the egg cell (Ibarra et al., 2012) and
there are well-documented cytoplasmic connections between
these cells (Han et al., 2000; Erdmann et al., 2017). Therefore,
epigenetic reprogramming in the egg cell by central cell
siRNAs is highly plausible (Feng et al., 2013).

Companion cell chromatin decondensation

is required for DME activity

It is yet unclear how DME/ROS1a is recruited to genomic targets
but this process is sensitive to the chromatin environment (Feng
et al., 2013). DME preferentially targets small AT-rich euchro-
matic TEs and the edges of long heterochromatic TEs in both
vegetative and central cells (Ibarra et al., 2012). Interestingly, al-
though DME demethylates approximately 10,000 loci similarly in
vegetative cells and maternal endosperm, only half of the male
and female targets overlap (Ibarra et al., 2012). This likely reflects
different chromatin environments in male and female companion
cells (Feng et al., 2013). Indeed, although the central and vege-
tative cells both exhibit highly decondensed chromatin, there are
differences in their chromatin configurations (Baroux and Autran,
2015; Borg and Berger, 2015) (Figure 2A). In the vegetative cell,
linker histone H1 is depleted, which contributes to the decon-
densation of heterochromatin and DME's access to hetero-
chromatic regions (He et al., 2019). Ectopic expression of H1 in
the vegetative cell causes hypermethylation and suppression of
DME-activated heterochromatic TEs (He et al., 2019). In the en-
dosperm, DME's access to heterochromatic TEs requires FACT
(FAcilitates Chromatin Transactions), a highly conserved histone
chaperone complex important for nucleosome assembly during
transcription and DNA replication (Frost et al., 2018). h1 muta-
tions abolish the requirement of FACT at about 10% of DME
targets in the endosperm (Frost et al., 2018), suggesting that
FACT acts to enhance DME accessibility in the central cell by
counteracting H1 (Figure 2A). The SSRP1 subunit of the FACT
complex belongs to a superfamily of High Mobility Group pro-
teins, which tend to compete with H1 for chromatin binding in a
dose-dependent manner (Postnikov and Bustin, 2016). In the
central cell, SSRP1 likely triggers H1 dislodge from chromatin,
thereby permitting DME access to the target sites (Frost et al.,
2018) (Figure 2A). Consistent with the observed H1 depletion in
the vegetative cell (He et al., 2019), FACT is not required for DME
activity in the vegetative cell (Frost et al., 2018). These results
demonstrate that male and female companion cells undergo
distinct chromatin decondensation, contributed by multiple fac-
tors, and such decondensation is important for large-scale DME-
mediated DNA demethylation.

ROBUST DNA METHYLATION
MAINTENANCE IN GERMLINES

The plant germline, by strict definition, refers to the cells that
exclusively produce gametes. Thus, the male germline
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starts as the generative cell that divides into sperm cells in
the pollen or pollen tube, whereas the female germline refers
to the egg cell (Figure 1A). In comparative studies with an-
imals, it is helpful to define germlines more broadly, to
include the sporophytic cells that undergo meiosis to pro-
duce the gametophytes (equivalent to primordial germ cells
in animals), i.e., the pollen and megaspore mother cells
(PMC and MMC, respectively; Figure 1A). PMC and MMC
undergo meiosis to give rise to haploid microspores and
megaspores, respectively, which divide mitotically to give
rise to gametes and their companion cells in the game-
tophytes (Figure 1A).

Comparisons of DNA methylomes between the Arabi-
dopsis male germ cells and somatic cells/tissues showed
dynamic methylation changes during germline development
(Hsieh et al., 2016; Walker et al., 2018). The PMC (male
meiocyte), microspore and sperm have substantially higher
and lower methylation, respectively, in the CHG and CHH
contexts compared to somatic tissues, suggesting generally
enhanced CMT3 and reduced CMT2 activities (Calarco
et al., 2012; Hsieh et al., 2016; Walker et al., 2018) (Figure
2B). The vegetative cell has similar CHG methylation to
other male germ cells but much higher CHH methylation
(Figure 2B), owing to elevated RdDM activity, especially at
heterochromatic regions (Hsieh et al., 2016). Global CG
methylation is substantially higher in the germline than in
somatic cells (Hsieh et al., 2016; Walker et al., 2018) (Figure
2B). In the meiocyte, microspore, and sperm cell (and to a
slightly lesser extent the vegetative cell, due to DME-
mediated demethylation), fractional CG methylation reaches
almost 100% (Hsieh et al., 2016; Walker et al., 2018), in-
dicating enhanced CG methylation in the germline (Figure
2B). Similarly, robust CG methylation is observed in female
central cells in Arabidopsis and egg cells in rice (Park et al.,
2016b), indicating a conserved phenomenon in the male and
female germlines of flowering plants. Improved CG methyl-
ation in the germlines is likely caused by increased effi-
ciency of CG methylation maintenance (via MET1), as none
of the other methyltransferases (DRM, CMT2 and CMT3)
affect robust CG methylation in germ cells (Hsieh et al.,
2016). It is yet unclear how CG methylation maintenance is
enhanced, however, reduced H1 observed in germ cells,
such as the sperm, in comparison to H1 levels in soma, may
contribute to easier access of MET1 to the DNA (Hsieh et al.,
2016) (Figure 2B). In flowering plants, heredity is confined to
a small group of cells that undergo limited numbers of cell
divisions: the germlines produce gametes, which fuse into a
zygote; the zygote then divides into an early embryo with
shoot apical meristematic cells that later give rise to male
and female germlines (Figure 1A). It is estimated that this
extended ‘germline' goes through approximately 30-40 cell
divisions in each life cycle in Arabidopsis (Watson et al.,
2016). It is thus conceivable that enhanced methylation
maintenance efficiency in this extended ‘germline’ contrib-
utes to the accurate inheritance of methylation patterns
across generations in flowering plants.

2244  December 2022 | Volume 64 | Issue 12 | 2240-2251
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DNA METHYLATION
REPROGRAMMING IN THE MALE
GERMLINE

de novo methylation of genes in the germline

Although CG methylation is globally high in the germlines, CHH
methylation at most TEs is surprisingly low in sperm cells
(Calarco et al., 2012; Ibarra et al., 2012). This was proposed to
be caused by defective methylation maintenance during
meiosis (Calarco et al., 2012). However, this notion is counter-
intuitive because TE silencing is especially important in cells
that mediate inheritance. A careful comparison of the male
meiocyte methylome to those of microspores and sperm re-
vealed that meiocytes have the lowest overall level of CHH
methylation (Walker et al., 2018) (Figure 2B). Thus, CHH meth-
ylation is not suspended during meiosis, but rather increases in
microspores and sperm (Walker et al., 2018) (Figure 2B).

This gradual change of CHH methylation during male
germline development reflects reduced CMT2 activity and a
re-focus of RADM activity in these germ cells (Figure 2B).
Indeed, RdDM, which almost exclusively methylates TEs in
somatic tissues, acquires a special activity to target genes in
the entire male germline, including meiocytes, microspores,
vegetative and sperm cells (Walker et al., 2018). This mani-
fests in loci that are CHG/H methylated exclusively in the
male germline, which are called germline-specific methylated
loci (~400 loci; mostly genes and hence simplified as Met-
Genes) (Figures 2B, 3). Despite the generally low level of CHH
methylation at somatic RdDM targets, some of these loci
exhibit CHG/H hypermethylation in all male germ cells (~800
loci; mostly transposons and hence simplified as HyperTEs)
(Figure 3). Hypermethylation at MetGenes and HyperTEs is
completely abolished in RADM mutants, such as pol iv, rdr2,
and drm1drm2 double mutants, demonstrating that this
methylation reprogramming is catalyzed by RdDM (Walker
et al., 2018).

Consistent with the observed methylation patterns, male
meiocytes have a distinctive siRNA profile from somatic tis-
sues, with the vast majority (over 90%) of 24-nt siRNAs being
concentrated at HyperTEs (Long et al., 2021). A rough gauge of
absolute quantities of siRNAs using total microRNA levels
shows that the levels of 24-nt siRNAs at canonical RdDM loci
are similar in meiocytes and soma. Therefore, the meiocyte de
novo methylome seems to be largely driven by an over-
whelming increase of siRNAs produced from a few HyperTEs.
Interestingly, MetGenes share sequence similarities with Hy-
perTEs but are associated with few perfectly matching 24-nt
siRNAs in meiocytes. When up to three mismatches are per-
mitted, siRNAs, which perfectly map to HyperTEs, then find
MetGenes as their closest genomic targets (Long et al., 2021),
suggesting that MetGemes are off-targets of HyperTE-derived
siRNAs. Indeed, in CRISPR lines with the predicted source
HyperTEs deleted, MetGene methylation is lost (Long et al.,
2021). Therefore, DNA methylation at MetGenes is induced in
trans by HyperTE-produced siRNAs (Figure 3).
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Figure 3. Molecular mechanism of male germline DNA methylation reprogramming

DNA methylation reprogramming in Arabidopsis male germline is driven by tapetal 24-nt siRNAs, which are transcribed from HyperTE loci via the Pol IV
machinery recruited by the tapetum-specific CLSY3. These tapetal siRNAs act in trans at both cellular and locus levels: they move into male meiocytes
possibly through plasmodesmata, and target methylation at HyperTE loci with perfect sequence homologies as well as MetGene loci that have similar
sequences to HyperTEs. This methylation reprogramming has dual functions in silencing TEs in the germline and regulating gene expression and splicing in
the meiocyte. The diagram is adapted from Long et al. (2021). TEs, transposable elements.

Germline methylation reprogramming controls gene
and TE activities

It is well known that DNA methylation levels fluctuate during
plant development and under different environmental con-
ditions, especially CHH methylation (Dubin et al., 2015;
Kawakatsu et al., 2016a, 2016b). Therefore, in this review,
we only refer to distinctive DNA methylation changes that
have demonstrated biological functions as DNA methylation
reprogramming. The de novo methylation at MetGenes in the
male germline fits this criterion: this methylation regulates
gene expression in male meiocytes and facilitates the
splicing of a key meiotic gene, MULTIPOLAR SPINDLE 1
(MPS1; also known as PUTATIVE RECOMBINATION INI-
TIATION DEFECTS 2, PRD2), thereby promoting meiosis
(Walker et al., 2018). Therefore, this methylation reprogram-
ming creates a cell-lineage-specific epigenetic signature that
controls gene expression and cellular function.

The finding that genic methylation in the male germline is
targeted by TE-produced siRNAs suggests that the germline
gene regulatory functions of RdDM have evolved from the
pathway's main TE silencing activity. Supportive of this idea, a
Gypsy retrotransposon, GP1, was found to be suppressed by
germline RADM (Long et al., 2021). Loss of RADM does not
activate GP1 in somatic tissues, whereas DNA methylation of
the LTRs requires RdDM in the soma and germline (Long et al.,
2021). This suggests that GP1 specifically targets expression in
reproductive cells, possibly by exploiting transcription factors
specific to these cell types. This may be advantageous for the
transposon, as expression in somatic tissues would not con-
tribute to TE inheritance but could trigger silencing via systemic
RdDM (Dunoyer et al., 2007; Smith et al., 2007; Molnar et al.,
2010; Melnyk et al., 2011; Lewsey et al., 2016). The broad-
targeting capability of RdADM in meiocytes may have evolved to
counteract such TEs.

www.jipb.net

Germline methylation reprogramming is driven by
tapetal siRNAs

Given the self-reinforcing nature of RADM, the lack of perfect-
matching 24-nt siRNAs to MetGenes suggests that siRNA
biogenesis (i.e., the Pol IV branch of the RdDM pathway) is
suppressed in male meiocytes. As meiocytes are completely
enclosed by the tapetal cells (Figure 1A), which share ex-
tensive plasmodesmata with meiocytes during early meiosis
(Mamun et al., 2005; Sager and Lee, 2014), the tapetum is a
plausible source of 24-nt siRNAs. Indeed, tapetal cells have
an siRNA profile resembling meiocytes, and are hyper-
methylated at HyperTEs (Long et al., 2021). Further, genetic
mosaic lines with siRNA biogenesis ability confined to the
tapetum, pA9::RDR2 rdr2 (pA9, a tapetum-specific pro-
moter), show fully restored MetGene (and HyperTE) methyl-
ation in both meiocytes and sperm cells, demonstrating that
tapetal siRNAs are sufficient to induce germline methylation
reprogramming (Long et al., 2021).

How are large quantities of siRNAs produced from Hy-
perTEs in the tapetum? Recent studies found a family of
putative chromatin remodelers, CLASSY (CLSY) 1-4, exhibit
cell/tissue-specific expression patterns and determine siRNA
production at different genomic loci via the recruitment of Pol
IV (Long et al., 2021; Zhou et al., 2022b). CLSY1 and 2 are the
predominant homologs expressed in somatic tissues with
little expression in reproductive organs (Smith et al,
2007; Zhou et al., 2018; Zhou et al., 2022b), however, CLSY3
is expressed specifically in male and female reproductive
organs, while CLSY4 is mainly expressed in male meiocytes
and to a lesser extent in ovules (Long et al., 2021; Zhou et al.,
2022b). In the anther, CLSY3 is specific to the tapetum and
responsible for HyperTE-associated siRNAs and MetGene
methylation in meiocytes (Long et al., 2021). Therefore, the
vast majority of meiocyte 24-nt siRNAs, if not all, are derived
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from the tapetum (Figure 3). The Pol IV pathway may be
suppressed in meiocytes because siRNA production, which
involves transcription, carries the risk of TE activation. Bio-
genesis of siRNAs might be carried out more safely by the
short-lived tapetum.

Remarkably, tapetal siRNAs can induce DNA methylation
not only in meiocytes, but throughout the male germline. The
mutation of CLSY3 abolishes MetGene methylation in sperm,
and the pA9::RDR2 rdr2 mosaic lines with siRNA biogenesis
confined to the tapetum restore not only sperm MetGene
methylation, but also methylation at canonical RdDM loci and
GP1 silencing (Long et al., 2021). As direct siRNA movement
between pollen and tapetum is hampered by the pollen wall
(Gomez et al., 2015), tapetal siRNAs most likely influence
sperm via inheritance from meiocytes. Previously, siRNAs
from the pollen vegetative cell were shown to reinforce TE
methylation in sperm (Slotkin et al., 2009; Ibarra et al., 2012).
The sperm methylation landscape is therefore likely de-
termined by two waves of exogenous siRNAs, first from the
tapetum and another from the vegetative cell. The tapetum
plays a central role in this reprogramming process, as tapetal
siRNAs are required to establish MetGene methylation and
are competent to drive the full spectrum of sperm RdDM.

Tapetal cells are descendants of the same progenitor cell
as meiocytes and specialize in transporting biological mate-
rials to the meiocytes (Feng et al., 2013). Thus, they are ideal
for genome surveillance of TEs and the production of siRNAs.
In meiocytes, the Pol V pathway is tuned more aggressively
than in somatic tissues, where siRNAs only target methyl-
ation at perfectly matching sequences. The hypersensitivity
of the meiocyte Pol V pathway allows the methylation of
cognate TEs that produce siRNAs in the tapetum and ones
with similar sequences. This hypersensitivity also causes
methylation of genes bearing similar sequences in meiocytes
(Figure 3), which potentiates transcriptional regulation and
hence the selection of beneficial functions during evolution
(Walker et al., 2018).

Tapetal siRNAs closely resemble phasiRNAs

24-nt siRNAs responsible for male germline methylation re-
programming accumulate in Arabidopsis tapetum during the
prophase of meiosis |. Other plant species accumulate 24-nt
phased siRNAs (phasiRNAs) in the tapetum at a similar devel-
opmental stage (Zhai et al., 2015; Fei et al., 2016; Kakrana et al.,
2018; Ono et al., 2018; Xia et al., 2019). The phasiRNA clusters of
monocot species such as maize and rice differ in their biogenesis
from tapetal siRNAs, as they are transcribed by Pol Il and are
processed by a monocot-specific family of DCL nucleases
(DCL5) (Johnson et al., 2009; Song et al., 2012; Xia et al.,
2019; Teng et al., 2020). Nonetheless, like Arabidopsis tapetal
siRNAs, phasiRNAs are transcribed from hundreds of loci and
are highly abundant, accounting for 64% of all 24-nt siRNAs in
maize anthers (Johnson et al., 2009; Song et al., 2012; Komiya
et al., 2014; Zhai et al., 2015). Comparable to the importance of
siRNAs for meiotic progression (Walker et al., 2018), phasiRNAs
are important for fertility in maize and rice (Nan et al., 2016; Ono
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et al., 2018; Liu et al., 2020; Teng et al., 2020). How 24-nt pha-
siRNAs function remains unknown due to the lack of perfectly
matching mRNA targets (Dukowic-Schulze et al., 2016; Zhang
et al., 2021). However, recent studies indicate striking similarities
between phasiRNAs and Arabidopsis tapetal siRNAs. First, like
Arabidopsis tapetal siRNAs, phasiRNAs are also suggested to be
synthesized in the tapetum and transported into meiocytes (Ono
et al., 2018; Liu et al., 2020; Zhou et al., 2022a). Second, 24-nt
phasiRNAs also likely direct DNA methylation, as their source loci
exhibit significantly reduced CHH methylation in mutants de-
fective in phasiRNA biogenesis (Zhang et al., 2021). These sim-
ilarities suggest that 24-nt phasiRNAs might induce DNA meth-
ylation in trans at genic loci with reduced sequence homology in
male meiocytes, like Arabidopsis tapetal 24-nt siRNAs,
an exciting hypothesis to be tested for understanding why
24-nt phasiRNAs are important for fertility. This molecular un-
derstanding will undoubtedly facilitate the development of future
strategies to manipulate male fertility and sustain crop yields.

Evolutionary convergence of the tapetal siRNA and
animal piRNA pathways

Tapetal siRNAs bear strong similarities to metazoan piRNAs
in terms of biogenesis and function. Like piRNAs, tapetal
siRNAs are important for fertility (Walker et al., 2018), are
specifically enriched in reproductive cells, and are capable of
silencing TEs (Walker et al., 2018; Long et al., 2021). siRNAs
are produced in tapetal nurse cells and transported into
meiocytes, like Drosophila piRNAs that are transported from
nurse cells into oocytes (Toth et al., 2016). The ability of ta-
petal siRNAs from TE clusters to regulate mismatched genes
in trans is similar to the described silencing of male genes by
a piRNA transcribed from repeats on the silkworm female sex
chromosome (Kiuchi et al., 2014). Intriguingly, mammalian
piRNAs are enriched in pachytene spermatocytes (the same
developmental stage as tapetal siRNAs) and lack perfectly
matched mRNA targets (Ernst et al., 2017; Ozata et al., 2019).
It has been shown that mouse pachytene piRNAs target and
post-transcriptionally regulate mismatched genes (Rojas-
Rios and Simonelig, 2018; Dai et al., 2019), as do piRNAs in
Drosophila and C. elegans (Rojas-Rios and Simonelig,
2018; Ozata et al., 2019). The recurrence of broad targeting
competence predicts a general ability of piRNAs and tapetal
siRNAs to regulate genes as well as TEs. Overall, the many
similarities between piRNAs and tapetal siRNAs indicate that
gametogenesis in plants and animals requires specialized
small RNA pathways to control TEs and preserve genome
integrity, and these pathways have evolved to regulate gene
activity and fertility.

DNA METHYLATION
REPROGRAMMING IN THE FEMALE
GERMLINE

Female germ cells in flowering plants are much fewer in
number than male cells, and are deeply embedded in
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maternal tissues, making them less accessible for DNA
methylation studies. The female germline initiates as MMCs
that develop from subepidermal (L2) cells in developing ovule
primordia (Figure 1A). Laser-assisted microdissection has
been successfully used to isolate MMCs from Arabidopsis,
and thereby obtain the MMC transcriptome (Schmidt et al.,
2011). Live-imaging sensors have been developed using flu-
orescent fusion proteins that contain methylation binding
domains, such as the methyl-CpG-binding domain (MBD;
binds CG methylation) and SET and RING finger-associated
domain (SRA; binds non-CG methylation) (Ingouff et al,
2017). Using these sensors, CG methylation was shown to be
stable during MMC formation, whereas CHH methylation
became undetectable in the MMCs (Ingouff et al., 2017). Al-
though no MMC methylome data have been published yet,
there are several lines of evidence indicating that DNA
methylation reprogramming might also occur in female
germlines, in which epigenetic silencing is important for cell
fate and function.

Normally in each ovule, only one L2 cell acquires MMC
fate and the capability to undergo meiosis (Figure 1A).
However, in mutants of RADM or 21-22 nt trans-acting
siRNA (tasiRNA) pathways, multiple L2 cells adopt MMC
fate (Olmedo-Monfil et al., 2010; Su et al., 2017; Su et al.,
2020), suggesting RNA interference is important for sup-
pressing MMC fate in companion L2 cells. Interestingly,
these siRNAs are suggested to be produced by the MMC-
adjacent epidermal (L1) cells, as several key components
of the RADM and tasiRNA pathways, such as AGO9, TEX1
and SGS3, are specifically expressed in L1 cells. Elegant
genetic analyses show that L1-derived tasiRNAs suppress
MMC fate in L2 cells via the repression of Auxin Response
Factor 3 (ARF3) (Su et al., 2017; Su et al., 2020). The
molecular mechanism by which RdDM affects MMC dif-
ferentiation is yet unclear. Adding to the complexity, mu-
tations in other DNA methyltransferases, such as MET1
(Li et al., 2017) and the maize homolog of CMT3 (Garcia-
Aguilar et al., 2010), also cause a similar supernumerary
MMC phenotype. Therefore, it seems that the epigenetic
state of L2 cells is critical for MMC differentiation. The
supernumerary MMC phenotype mimics an important
breeding strategy, apomixis, which refers to the gen-
eration of clonal seeds via asexual reproduction.
Bypassing meiosis and fertilization, apomixis has the
potential to fix desired genetic combinations and hence
hybrid vigor in important crop varieties. Understanding
the epigenetic regulation of MMC differentiation holds
promise for engineering apomixis in crops.

DNA methylation reprogramming in the Arabidopsis
male germline is driven by large quantities of 24-nt siRNAs
transcribed from a few hundred source loci in the tapetum,
mostly overlapping TEs (Long et al., 2021). Similarly, a small
number of loci, called siren loci, were found to produce
highly abundant 24-nt, RdDM-associated siRNAs in Arabi-
dopsis and Brassica rapa ovules (Grover et al., 2020; Zhou
et al.,, 2022b). Resembling tapetal siRNAs, the specific
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expression of CLSY3 is responsible for the production of
siren siRNAs in Arabidopsis ovules (Zhou et al., 2022b).
Furthermore, siRNAs from siren loci were suggested to in-
duce methylation at genes with similar but not identical
sequences in trans and thereby regulate gene expression in
Brassica ovules (Burgess et al., 2022). CLSY3 is highly ex-
pressed in the early ovary and ovules (Long et al.,
2021; Zhou et al., 2022b), and it is yet unclear which cell
types in the ovule express these siRNAs and are subject to
trans-induced methylation. However, a recent study of rice
egg and zygote siRNA landscapes shows that the egg cell
accumulates abundant 24-nt siRNAs from siren loci that are
distinct from the source loci in sperm (Li et al., 2022), in-
dicating that DNA methylation reprogramming occurs in the
female germline, at distinct loci from those in the male
germline, and methylation reprogramming is likely a con-
served phenomenon among flowering plants.

CONCLUSIONS AND
PERSPECTIVES

Significant progress in reproductive epigenetics has been
made in the past twenty years. Advances in cell isolation
and low-input epigenomic sequencing techniques have
revealed the landscape of DNA methylation dynamics
during flowering plant germline development, especially in
the male germline owing to the relative ease in accessing
large quantities of male germ cells (Figure 2B). As dis-
cussed in this review, besides global fluctuations of DNA
methylation in germ cells, there are two waves of methyl-
ation reprogramming that occur at specific loci and have
demonstrated biological functions. The first wave of re-
programming is directed by an overwhelming population of
24-nt siRNAs produced from only hundreds of source loci in
the tapetum (Long et al., 2021). These tapetal siRNAs target
DNA methylation at transposons and genes with reduced
sequence homologies in Arabidopsis male meiocytes, and
through this regulate gene expression and meiosis (Walker
et al., 2018; Long et al., 2021). Although we do not yet have
methylome data from female meiocytes, data discussed
here point to a similar methylation reprogramming in the
female germline. Another wave of reprogramming occurs in
the male and female gamete companion cells, respectively
the central and vegetative cells, where DME drives large-
scale DNA demethylation (Calarco et al., 2012; Ibarra et al.,
2012; Park et al., 2016b). Companion cell demethylation
plays an essential role in setting up the primary imprinting
mark in the endosperm, and activates TEs that potentially
serve to generate siRNAs to reinforce genome integrity in
the gametes (Figures 1B, 2A).

Future innovations in cell/nucleus isolation techniques
will power further understanding of germline DNA methyl-
ation reprogramming, especially in female germlines where
we currently have little data. Protoplast preparation and
fluorescence-activated cell sorting (FACS) have been
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exploited to isolate plant male germ cells using cell-type-
specific fluorescent labelling or different cell properties
such as cell size, autofluorescence and DNA density
(Slotkin et al., 2009; Borges et al., 2012; Calarco et al.,
2012; lbarra et al., 2012; Hsieh et al., 2016; Santos
et al.,, 2017; Chang et al., 2018; Walker et al., 2018; He
et al.,, 2019; Zheng and Gehring, 2019; Buttress et al.,
2022). For some species or particular cell types, micro-
dissection serves well (Sprunck et al., 2005; Schmidt et al.,
2011; Park et al., 2016b; Flores-Tornero et al., 2019; Zhao
et al., 2019; Jiang et al., 2020), especially now only a few
cells are required for DNA methylome sequencing (Small-
wood et al., 2014). Female reproductive cells are much more
challenging to isolate as not only are they far fewer in number,
but also deeply embedded in maternal tissues. Adding to the
complexity, emasculation or male sterile lines are often re-
quired to prevent the fertilization of female cells. INTACT has
been successfully employed to assess the methylomes of
central cells and the endosperm in Arabidopsis (Park et al.,
2016b; Moreno-Romero et al., 2017; Del Toro-De Ledén and
Kohler, 2019). Isolating nuclei through cell-specific affinity la-
belling, INTACT, is an efficient, scalable method that holds
great promise for the future (Park et al., 2016a; Moreno-
Romero et al., 2017; Del Toro-De Ledn and Kdéhler, 2019).

The next challenge is to gain a better mechanistic un-
derstanding of DNA methylation changes during germline
development. This understanding will not only deepen our
knowledge of plant reproduction, but also provide val-
uable mechanistic insights into DNA methylation, espe-
cially regarding how these mechanisms operate at a cel-
lular level. Another important and challenging question to
address regarding these mechanisms concerns the site-
specificity of DNA methylation reprogramming processes,
i.e., why reprogramming occurs at specific genomic loci?
In this review, we suggest that the local chromatin envi-
ronment plays an important role in determining such
specificity. The evaluation and validation of this idea
through an enhanced understanding of germ cell chro-
matin landscapes will be a leap forward in understanding
germline epigenetics. Finally, it will be vital to combine
'omics with in-depth functional studies at specific loci to
discern the epigenetic regulation of reproductive devel-
opment. As epigenetic pathways are highly conserved
between Arabidopsis and crops, we expect the mecha-
nistic understanding gained from Arabidopsis to direct
investigations into crops. Given the availability of crop
genome sequences and genome/epigenome editing tools,
these investigations hold great potential for sustaining
crop fertility under climate change and engineering fertility
to facilitate crop breeding.
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