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Summary

Over the last ten years there have been major advances in documenting and understanding
dynamic changes to DNA methylation, small RNAs, chromatin modifications, and chromatin
structure that accompany reproductive development in flowering plants from germline
specification to seed maturation. Here I highlight recent advances in the field, mostly made
possible by microscopic analysis of epigenetic states or by the ability to isolate specific cell types
or tissues and apply omics approaches. | consider in which contexts there is potentially
reprogramming vs maintenance or reinforcement of epigenetic states.
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[. Introduction

Reproduction is the most fundamental task of all organisms. In flowering plants, which
alternate between haploid and diploid forms, successful reproduction occurs when egg and
sperm unite to form a diploid embryo and, ultimately, a viable seed. Reproduction begins
when cells in the diploid sporophyte undergo meiosis, creating haploid spores. Spores divide
mitotically to form the haploid gametophyte phase of the life cycle. Gametes are specified in
the male and female gametophytes (Fig. 1).

Current evidence suggests that the most dynamic and consequential alterations to the
epigenome occur during reproductive development (Fig. 1). This is sometimes referred to as
epigenetic reprogramming. The term reprogramming is most frequently used in the context
of animal stem cell biology, where it is taken to mean the erasure of information and the
establishment of new information that allows cells to undergo a fate change over multiple
cell divisions. For plants, this definition is perhaps useful with regards to regeneration from
callus tissue, but appears less applicable to processes that occur during reproduction, in
which differences in cell identity can be established over a single cell division. The key
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questions addressed here are 1) How much molecular reprogramming takes places during
reproduction? 2) And what are the functional consequences of these dynamics?

Chromatin structure and modification, small non-coding RNAs, and DNA methylation will
be considered here as reprogrammable substrates (Matzke and Mosher, 2014; Mozgova et
al., 2015). These are not the only potential mediators of epigenetic inheritance, but they can
be reasonably measured and the pathways that control them are understood genetically or
biochemically. A major challenge in evaluating the extent of reproductive reprogramming is
that the epigenetic status of the cells that become the next generation (the starting point for
reprogramming) are few in number and inaccessible. All cells arise from meristems, with
reproductive cells formed specifically from the L2 layer of apical meristems. The epigenetic
state of the L2 cells is largely unknown, although features of meristematic regions are
beginning to be probed (Sijacic et al., 2018; Gutzat et al., 2018). Thus, the molecular
epigenetic state of reproductive cells is often compared to leaf or seedling tissue, and it is
unknown how reflective these tissues are of the relevant cells in meristems.

Meiosis

In flowering plants, the cells that undergo meiosis are chosen based on their position within
the developing flower. Lack of a segregated germline is a fundamental distinction between
plant and animal reproduction. A sub-epidermal cell in the ovule primordium is chosen as
the megaspore mother cell (MMC), which undergoes female meiosis. Both the MMC and its
male analogue, the microspore mother cell (MiMC), experience large-scale chromatin
changes during cell specification, including heterochromatin decondensation and increased
nuclear volume, perhaps indicative of a highly active transcriptional state (She et al., 2013;
She and Baroux, 2015). In maize and Arabidopsis, mutations in different AGO
(ARGONAUTE) genes involved in small RNA-mediated heterochromatin silencing, and in
the maize de novo DNA methyltransferases DMT102/103, either cause division of the MMC
without meiosis (germ cells act like somatic cells) or result in the formation of additional
cells that display physical and gene expression signatures similar to MMCs (somatic cells
act like germ cells) (Garcia-Aguilar et al., 2010; Olmedo-Monfil et al., 2010; Singh et al.,
2011). The AGO genes are expressed in the cells surrounding the MMC, indicating a cell
non-autonomous effect on meiosis, which could be mediated by mobile small RNAs. The
targets of these processes are unknown and the epigenetic state of the MMC has not been
profiled at molecular resolution. Recently, fusions between DNA methylation-binding
proteins and fluorescent reporters allowed visualization of methylation dynamics at a broad
scale (Ingouff et al., 2017). CG methylation remains steady but CHH methylation transiently
decreases and is then restored during MMC specification. Typically, CG and CHG
methylation are maintained by maintenance methyltransferases METZand CMT3. CHH
methylation is maintained by CMT2 or by the RNA-directed DNA methylation (RIDM)
pathway, in which 24 nt small RNAs guide de novo methyltransferases to matching sites,
usually in repetitive DNA like transposable elements (TEs) (Matzke and Mosher, 2014).
Thus, low CHH methylation is often indicative of low de novo methylation activity. The
cause and function of CHH methylation dynamics in the MMC is unknown.
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DNA methylation has recently been profiled in the diploid Arabidopsis MiMC (Walker et
al., 2018). The MiMC has high levels of CG and CHG methylation but low levels of CHH
methylation. Interestingly, despite global CHH hypomethylation, Walker et al. (2018)
identified several hundred genic regions of RdADM-dependent CHH hypermethylation
compared to leaves. This is unusual because genes are not typical targets of RADM. In some
instances, this hypermethylation has functional consequences — for the MPS1 gene, loss of
genic reproduction-specific RADM led to incorrect splicing and a mild meiosis defect
(Walker et al., 2018). Why and how RdDM is directed to genic regions should be an
interesting area of future research.

lll. Male gametogenesis

Muitosis of the haploid meiotic products generates the gametophytes. The ability to isolate
pure populations of cells at different stages of male gametogenesis has illuminated
developmental DNA methylation dynamics in Arabidopsis (Walker et al., 2018; Calarco et
al., 2012; Ibarra et al., 2012). The male gametophyte, or pollen grain, consists of two
gametes (sperm) and a vegetative cell, which functions in pollen tube growth. The vegetative
cell and sperm are in distinct epigenetic states, despite a separation of only two mitotic
divisions (Fig. 1). Sperm DNA is highly methylated in the CG and CHG context but has low
CHH methylation in retrotransposons. By contrast, the vegetative cell has low CG and CHG
methylation and high CHH methylation in heterochromatic TEs, chromatin is decondensed,
and hypomethylated retrotransposons are mobile (Slotkin et al., 2009). How do these
differences arise? CG and CHG methylation levels are quite similar from the MiMC, to the
microspores, and then sperm (Walker et al., 2018). CHH methylation progressively
increases, although it remains lower in sperm than in somatic cells (Walker et al., 2018;
Calarco et al., 2012; Ibarra et al., 2012). The functional consequence of these dynamics are
unknown. By contrast, in the vegetative cell RADM restores CHH methylation from the
lower levels present in the microspore. RADM in heterochromatin might be important to
counteract the loss of DDM1 expression in the vegetative cell because DDM1I is normally
required to maintain heterochromatic DNA methylation (Slotkin et al., 2009; Schoft et al.,
2009). Loss of CG methylation in the vegetative cell is at least partially due to active DNA
demethylation by 5-methylcytosine DNA glycosylases (Ibarra et al., 2012; Calarco et al.,
2012). There is increasing evidence that the epigenetic state of the vegetative cell might
influence MRNA or translation profiles of the sperm (Slotkin et al., 2009; Grant-Downton et
al., 2013; Martinez et al., 2016). In vegetative cells, hypomethylated, expressed
retrotransposons give rise to abundant small RNAs that have been termed epigenetically
activated siRNAs (easiRNAS). In a series of elegant experiments, Martinez et al. (2016)
demonstrated that small RNAs expressed in the vegetative cell can target a miRNA site or an
Athila retrotransposon siRNA site on reporter constructs in sperm. This process is dependent
on AGO and Dicer genes typically involved in post-transcriptional gene silencing (Martinez
et al., 2016). It has been speculated that small RNAs loaded into sperm from the vegetative
cell might have functions after fertilization in the zygote or endosperm, but direct evidence
is lacking (Slotkin et al., 2009; Calarco et al., 2012, Martinez et al., 2016).
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IV. Female gametogenesis

The epigenetic dynamics associated with female gametogenesis are less clear, largely due to
its relative inaccessibility. Female gametogenesis occurs when the haploid functional
megaspore (the surviving product of meiosis) divides mitotically three times to yield the 8-
celled female gametophyte, which is surrounded by maternal integument tissue (Fig. 1). As
part of a recurring theme, the Argonaute AGO5 acts in a cell non-autonomous manner to
promote the mitotic division of the functional megaspore (Tucker et al., 2012). Fluorescent
reporters suggest that CG and CHH methylation remain fairly steady throughout female
gametogenesis (Ingouff et al., 2017). The mature female gametophyte contains two gametes,
a haploid egg cell and a diploid central cell. Fertilization of the egg by sperm makes the
embryo, whereas fertilization of the central cell generates the triploid endosperm, which
supports embryo growth. These female gametes, separated by 1-3 mitoses, are cytologically
distinct, with the central cell exhibiting decondensed chromatin and reduced repressive
histone modifications compared to the egg (Pillot et al., 2010). Like the pollen vegetative
cell, the central cell expresses the 5-methylcytosine DNA glycosylase DME. It also has
reduced expression of the maintenance and de novo methyltransferases (Jullien et al., 2012).
Egg and central cells have been isolated from rice, Arabidopsis, and maize using manual
microdissection or tagging approaches like INTACT and methylation analyzed. There is
lower CG methylation in genes and TEs in Arabidopsis central cells compared to sperm,
which is at least partly due to the expression of DME (Park et al., 2016). Like for the
vegetative cell and sperm, it has been proposed that small RNAs move from the central cell
to the egg to promote TE silencing (Ibarra et al., 2012). Direct evidence for such a process
occurring is scarcer than for vegetative cell-sperm cell transmission of siRNAs. In some
instances, passive movement of exogenously supplied small RNAs has been observed. In
Torenia fournieri, 25 nt small RNAs injected into the central cell acted as morpholinos in the
synergid cells, which flank the egg (Okuda et al., 2009). In Arabidopsis, labeled double-
stranded 24 nt small RNAs injected into the central cell were later detected as both double
and single-stranded RNAs in the egg cell, indicating movement (Erdmann et al., 2017a).
Additionally, expression of an artificial miRNA against GFP from a central cell promoter
reduced GFP fluorescence in the Arabidopsis egg cell (Ibarra et al., 2012).

V. Heritability and reinforcement of DNA methylation in the embryo

The frequency with which stable epialleles have been discovered in plants and direct
measurements of methylation heritability between generations indicate that most DNA
methylation is inherited through sexual reproduction (Schmitz et al., 2011; Becker et al.,
2011). Existing methylation is reinforced during embryogenesis. When methylation is lost in
hypomethylated recombinant inbred lines, it is partially replaced by RIDM by passage
through reproduction (Texeira et al., 2009). Wild type sperm has low CHH methylation
(Calarco et al., 2012), indicating that the paternal genome must gain methylation after
fertilization. Recent studies from soybean and Arabidopsis have shown that CHH
methylation increases during embryogenesis (Lin et al., 2017; Kawakatsu et al., 2017;
Narsai et al., 2017). In mature Arabidopsis embryos, CHH methylation approaches 100% at
individual cytosines, whereas in other tissues, including younger embryos, individual CHH
sites are ~20% methylated (Bouyer et al., 2017). Methylation decreases upon seed
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germination, likely through a passive mechanism (Lin et al., 2017; Kawakatsu et al., 2017;
Narsai et al., 2017; Bouyer et al., 2017). It is unknown whether the increased CHH
methylation in developing embryos is functional — mutation of the de novo
methyltransferases DRM2 and CMT2 prevents CHH methylation but without obvious
effects on seed development or germination, although it is unclear how comprehensively
phenotypes have been assessed.

Chromatin-based epigenetic reprogramming in the embryo

Despite the heritability of DNA methylation between generations, there is clear evidence
that chromatin-based epigenetic memory established during vegetative growth and
development is erased during embryogenesis. In Arabidopsis, histone H3 from the egg and
sperm are removed in the zygote and replaced by newly synthesized histones (Ingouff et al.,
2010). The FLC locus represents a specific case of reprogramming. Levels of FLC
expression control flowering time in vernalization-sensitive plants. Stable mitotic epigenetic
silencing of FLC after prolonged cold stimulus is mediated by spreading of H3K27me3,
mediated by PRC2 complexes (Yang et al., 2017). Vernalization memory is not transmitted
to the next generation, indicating the occurrence of resetting. In vernalized plants, FLCis
silenced in gametes but expression is reactivated during early embryogenesis (Sheldon et al.,
2008; Choi et al., 2009; Tao et al., 2017). Two mechanisms have been indicated: activation
by the NF-YB transcription factor LECI (Tao et al., 2017) and regulation by the histone
demethylase ELF6 (Cervillen et al., 2014), which appears to play a more minor role.
Reprogramming of chromatin by pioneer transcription factors (defined as transcription
factors that can bind to their DNA motif even in the context of a nucleosome) during
embryonic development is well-documented in animals (Zaret and Mango, 2016). It has
been suggested that LEC1 acts as a pioneer factor, but this has not been specifically
demonstrated biochemically (Tao et al., 2017).

Modulation of epigenetic information in the endosperm

Endosperm is epigenetically divergent from other plant tissues, as has been reviewed
extensively elsewhere (Satyaki and Gehring, 2017), with the added twist that some effects
are specific to maternally or paternally inherited genomes. Consistent with DNA
demethylation in the central cell, endosperm DNA is maternally hypomethylated. The
endosperm maternal genome is even less CG methylated than the central cell, suggesting
additional loss of DNA methylation occurs either passively or actively after fertilization
(Park et al., 2016). CHH methylation also appears dynamic, with low expression of RADM
genes early in development (Jullien et al., 2012; Belmonte et al., 2013) and low CHH
methylation at 4 DAP (Moreno-Romero et al., 2016). By 6-8 DAP when the endosperm has
cellularized and differentiated, typical levels of CHH methylation are observed on the
paternal endosperm genome (Ibarra et al., 2012; Pignatta et al., 2014). Histone modifications
are also asymmetric between maternal and paternal genomes, with the PRC2 mark
H3K27me3 favoring maternal alleles in euchromatin, particularly at regions that were
demethylated in the central cell, and paternal alleles in pericentromeric heterochromatin
(Moreno-Romero et al., 2016). Small RNAs have also been profiled in Arabidopsis, rice, and
maize endosperm. In Arabidopsis, the endosperm 24 nt small RNA population is paternally-
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biased, consistent with higher methylation of the paternal genome (Erdmann et al., 2017b).
Endosperm also has a population of genic small RNAs, another instance of increased genic
small RNAs observed during reproduction. Discrete regions of maternal and paternal SRNA
bias have been identified, but is unknown how small RNAs are preferentially produced from
one allele or whether this is connected to other asymmetric epigenetic modifications.

There are several possible consequences of endosperm epigenetic dynamics. Methylation
state can impact the expression of key epigenetic regulators, thus potentially creating
cascading effects caused by the expression of alternative epigenetic pathways in tissues that
undergo dynamic DNA methylation changes, like endosperm. Epigenetic regulators
regulated by DNA methylation include the histone demethylase /BM1, the 5-methylcytosine
DNA glycosylase ROS1, and the Dicer enzyme DCL4 (Rigal et al., 2012; Williams et al.,
2015; Pumplin et al., 2016). For these genes, DNA methylation alters splicing, promotes
expression, or alters transcriptional start site selection. Another consequence of endosperm
methylation dynamics is the establishment of gene imprinting, the preferential expression of
one allele of a gene dependent on its parent-of-origin. For example, the majority of
paternally expressed imprinted genes are associated with methylated paternal alleles and
repressed maternal alleles that are DNA hypomethylated, modified by H3K27me3, and
associated with genic small RNAs (Pignatta et al., 2014; Moreno-Romero et al., 2016;
Erdmann et al., 2017b, Satyaki and Gehring, 2017). Imprinting dynamics can intersect with
natural epigenetic polymorphisms or environmentally induced methylation changes to
generate diverse seed phenotypes (Pignatta et al. 2018; lwasaki et al., 2019). For example,
the maternally expressed imprinted gene ALN negatively regulates seed dormancy (Iwasaki
etal., 2019). Seeds that develop at 10°C have increased DNA methylation at the ALN locus,
reduced ALN expression, and higher levels of dormancy, consistent with an increase in seed
dormancy associated with development in cold temperatures (Iwasaki et al., 2019).
Differences in endosperm DNA methylation and gene expression programs induced by
environmental conditions is largely unexplored (and exciting) territory.

Conclusions

Recent studies with improved tissue- or cell type-specificity have expanded understanding of
the extent of epigenetic dynamics that occur during flowering plant reproductive
development. Unlike in mammals, there is no genome-wide erasure and reestablishment of
epigenetic information during reproduction. Rather, chromatin-based epigenetic information
appears to be either passively lost or actively reprogrammed in the embryonic lineage, at
least based on a limited number of examples, and DNA methylation-based epigenetic
information is maintained, reinforced, and inherited. Although CHH methylation dynamics
have been discovered at multiple stages of reproductive development, it is not yet clear
whether any of these instances represent reprogramming or are important for change from
one cell state to another. Integrating concepts and language from other disciplines is
important for bridging scientific fields, especially those with many true commonalities, like
the study of epigenetics in plant, animal, and fungal systems. When we talk about epigenetic
reprogramming in plants, it is important to be clear where this concept might differ from
other organisms, and how this is integrated with differences in development.
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Figure 1: Epigenetic dynamics during flowering plant reproduction.
Summary of key steps in the flowering plant life cycle using Arabidopsis as an example.

Associated epigenetic changes are described in the text. MMC, MiMC, functional
megaspore, and microspore are the cells in dark blue. MMC, megaspore mother cell; MiMC,
microspore mother cell, EC, egg cell; CC, central cell; VC, vegetative cell; EN, endosperm;
EM, embryo; mCHH, CHH methylation; mCG, CG methylation; mCHG, CHG methylation.
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