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Genomic imprinting in plants—revisiting

existing models
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Genomic imprinting is an epigenetic phenomenon lead-
ing to parentally biased gene expression. Throughout the
years, extensive efforts have been made to characterize
the epigenetic marks underlying imprinting in animals
and plants. As a result, DNA methylation asymmetries
between parental genomes emerged as the primary factor
controlling the imprinting status of many genes. Never-
theless, the data accumulated so far suggest that this pro-
cess cannot solely explain the imprinting of all genes. In
this review, we revisit the current models explaining im-
printing regulation in plants, and discuss novel regulatory
mechanisms that could function independently of paren-
tal DNA methylation asymmetries in the establishment
of imprinting.

Supplemental material is available for this article.

Genomic imprinting is an epigenetic phenomenon ren-
dering alleles to be differentially expressed depending on
their parental origin. Thus, a given gene could be preferen-
tially expressed from the maternal allele (maternally
expressed gene [MEG]), or from the paternal allele (pater-
nally expressed gene [PEG]). Imprinting is not widespread
in eukaryotes: It is restricted to flowering plants, therian
mammals, and some insects. This suggests that this epige-
netic phenomenon is the result of convergent evolution,
having evolved at least three independent times in the eu-
karyote tree of life (Barlow and Bartolomei 2014; Pires and
Grossniklaus 2014). While in insects genomic imprinting
is able to trigger parental-specific repression of whole
chromosomes, in mammals and flowering plants it im-
pacts mostly single genes, or gene clusters (Field et al.
2004; Wolff et al. 2011; Zhang et al. 2011, 2016; Barlow
and Bartolomei 2014). Imprinted gene expression occurs
in embryonic, placental, and adult tissues of mammals.
In contrast, in flowering plants, imprinting is mainly re-
stricted to the endosperm, with few instances of imprint-
ed genes being described in the embryo (Jahnke and
Scholten 2009; Gehring et al. 2011; Hsieh et al. 2011;
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Nodine and Bartel 2012; Raissig et al. 2013; Waters et al.
2013; Del Toro-De Leon et al. 2014; Pignatta et al. 2014).
Because such examples of genomic imprinting in the em-
bryo are rare, this review will exclusively focus on im-
printing processes occurring in the endosperm.

Much like the mammalian placenta, the endosperm is
an ephemeral tissue that does not contribute to the next
generation. Nevertheless, it is essential for the nourish-
ment and growth of the embryo as well as for seed viabil-
ity. The endosperm and the embryo are both derived from
a double-fertilization event, which involves two identical
haploid sperm cells and two distinct female gametes: the
haploid egg cell, which will give rise to the embryo, and
the homodiploid central cell, which will give rise to the
endosperm (Drews and Koltunow 2011; Baroux and Gross-
niklaus 2019). Consequently, the endosperm is a triploid
tissue, composed of two maternal copies and one paternal
genome copy.

Several theories aim to explain the evolution of geno-
mic imprinting (for reviews, see Patten et al. 2014; Rodri-
gues and Zilberman 2015). One of the most prominent is
the kinship or parental conflict theory developed by
Haig and Westoby (1989). This theory posits that maternal
and paternal interests are distinct in organisms where the
female can bear offspring derived from multiple males. In
these instances, it will be in the best interest of the female
to equally allocate resources to her offspring, amplifying
the probability of maternal reproductive success. On the
other hand, the paternal interest is to maximize the sur-
vival of its own offspring. Thus, reproductive advantage
will be given to those fathers whose progeny is able to out-
grow its half-siblings. This would then be translated in the
selection of parentally biased gene expression (i.e., geno-
mic imprinting), with MEGs and PEGs being theoretically
predicted to have distinct functions and developmental ef-
fects, reflecting the distinct interests of each parent (Haig
and Westoby 1989; Costa et al. 2012; Jiang and Kohler
2012). In agreement with this, increasing the genomic dos-
age of one of the parents in the endosperm by disturbing
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the two maternal:one paternal genomic ratio leads to
parent-of-origin-specific seed phenotypes: While maternal
genome excess reduces endosperm growth, leading to
smaller and sometimes inviable seeds, paternal genome
excess has the opposite effect, and frequently causes seed
inviability (Brink and Cooper 1947; Lin 1984; Scott et al.
1998; Stoute et al. 2012; Sekine et al. 2013; Rebernig et
al.2015; Roth et al. 2019). These phenotypes are associated
with misregulated expression of imprinted genes (Erilova
et al. 2009; Tiwari et al. 2010; Schatlowski et al. 2014;
Florez-Rueda et al. 2016), and seed inviability of paternal
excess crosses can be prevented by rescuing PEG expres-
sion (Kradolfer et al. 2013; Wolff et al. 2015; Erdmann
et al. 2017; Huang et al. 2017; Jiang et al. 2017; Martinez
et al. 2018; Wang et al. 2018), showing that the function
of imprinted genes has a substantial impact on endosperm
development. These data are in line with the proposed
function of imprinted genes acting as “gatekeepers” of en-
dosperm development: These genes are sensitive to chang-
es in parental dosages, and their misregulation causes seed
failure (Gutierrez-Marcos et al. 2003).

The function of many imprinted genes is still unknown;
nevertheless, several imprinted genes have been implicat-
ed in key developmental pathways, such as nutrient trans-
fer (Gutiérrez-Marcos et al. 2004; Costa et al. 2012),
endosperm proliferation (Figueiredo et al. 2015) and con-
trol of seed size (Yuan et al. 2017). Importantly, epigenetic
regulators involved in the establishment of genomic
imprinting are themselves imprinted, and disruption of
their activity leads to dramatic seed abortion phenotypes
(Grossniklaus et al. 1998; Kinoshita et al. 1999; Luo et al.
2000). This is associated with loss of imprinting at many
loci (Hsieh et al. 2011; Wolff et al. 2011; Hornslien et al.
2019), indicating that imprinting is crucial for endosperm
and seed development.

Underlying the biased parental expression of imprinted
genes is a set of epigenetic modifications—the imprints—
which are established during gametogenesis (Barlow
1995). For a given gene to show parentally biased expres-
sion, the imprint should be established exclusively in
one of the two parental genomes, thus generating an
asymmetry between the maternal and paternal alleles
(Barlow 1995). This asymmetry largely depends on the
fact that the epigenetic pathways acting in maternal and
paternal gametes are different (Fig. 1A-D), allowing the
same DNA sequence to be distinctly marked. The im-
prints are then inherited to the fertilization products,
where they need to be maintained in order for parentally
biased gene expression to be manifested. In mammals,
DNA methylation asymmetry between parental alleles
has long been recognized as the predominant factor con-
trolling imprinting of many loci (Barlow 1993; Barlow
and Bartolomei 2014). In these cases, DNA methylation
is considered a primary imprint, which can be defined as
an epigenetic mark that is established during gametogen-
esis, stably inherited in the fertilization products, and
sufficient on its own for imprinted expression (Barlow
1994). It can be distinguished from a secondary imprint,
since the latter is deposited as a consequence of the prima-
ry imprint, and acts in conjunction with it to enforce
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parental specific expression (Barlow 1994). Numerous
studies that characterized the imprintome and epigenome
of various plant species also point to DNA methylation
being a primary imprint there (Satyaki and Gehring
2017). Notwithstanding, in plants a particular histone
modification—trimethylation of lysine 27 of histone H3
(H3K27me3)—has also been shown to be essential for im-
printing (Gehring et al. 2006; Jullien et al. 2006a; Makare-
vich et al. 2008; Hsieh et al. 2011; Wolff et al. 2011;
Moreno-Romero et al. 2016; Hornslien et al. 2019). This
histone modification is established by Polycomb group
(PcG) proteins, and promotes chromatin condensation
and inhibition of transcription (Mozgova and Hennig
2015).

In plants, DNA methylation asymmetries between fe-
male and male genomes are caused by an extensive DNA
demethylation of the maternal genome, which occurs dur-
ing central cell development, but not during sperm cell de-
velopment (Fig. 1B; Choi et al. 2002; Gehring et al. 2009;
Park et al. 2016). This asymmetry is in itself sufficient to
trigger imprinted maternal-specific expression of some
genes (Choi et al. 2002; Kinoshita et al. 2004; Gehring
et al. 2006, 2009; Hsieh et al. 2011). Nonetheless, DNA
demethylation of some maternal loci can be associated
with the deposition of H3K27me3. This mechanism of
sequential DNA demethylation and H3K27me3 deposi-
tion can also trigger imprinted expression, leading to silenc-
ing of the maternal alleles (Moreno-Romero et al. 2016).
These data have led to the model in which DNA methyla-
tion emerges as the primary imprint controlling parentally
biased gene expression, with H3K27me3 being considered
a secondary imprint, since deposition of this mark in the
maternal genome is thought to require prior DNA deme-
thylation of the target regions (Weinhofer et al. 2010; Mo-
reno-Romero et al. 2016). In this review, we evaluate this
model of imprinting based on available data in different
species. Moreover, we explore DNA methylation-indepen-
dent mechanisms that can contribute to imprinted gene
expression, as well as discuss their potential impact in
shaping the imprintome of several plant species.

The maternal genome is actively demethylated during
gametogenesis

In plants, cytosine bases can be methylated in three differ-
ent sequence contexts: CG, CHG, and CHH (where H cor-
responds to A, T, or G) (Law and Jacobsen 2010). This
epigenetic mark is usually found in transposable elements
(TEs) where it promotes the silencing of these repetitive
sequences, preventing their reactivation and transposi-
tion (Zhang et al. 2018). DNA methylation can also be
found in gene-rich regions, and its presence in gene
promoters correlates with transcriptional repression (Nie-
derhuth et al. 2016). The genomic DNA methylation
landscape is shaped by the action of different pathways:
de novo methylation, maintenance methylation, and
demethylation, and each of these has been implicated in
the regulation of imprinted gene expression in plants.
Among these, the DNA demethylation pathway mediated
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by the DNA glycosylase DEMETER (DME) is essential for
genomic imprinting. DME, similarly to the remaining
Arabidopsis thaliana glycosylases DEMETER LIKE 2-3
(DML2-3) and REPRESSOR OF SILENCING 1 (ROS1), is
able to excise methylated cytosine bases in any sequence
context, through the base excision repair mechanism
(Choi et al. 2002; Gong et al. 2002; Morales-Ruiz et al.
2006; Penterman et al. 2007; Ortega-Galisteo et al. 2008;
Gehring et al. 2009). DME is active both in the central
cell of the female gametophyte, and in the vegetative
cell of pollen, where DML2-3 and ROS1 are also present
(Fig. 1B; Choi et al. 2002; Schoft et al. 2011). In these cells,
DME demethylates TEs and small repetitive sequences,
and targeted regions seem to be partially identical in the
central cell and in the vegetative nucleus (Gehring et al.
2009; Hsieh et al. 2009; Calarco et al. 2012; Ibarra et al.
2012; Park et al. 2016). Similarly, in rice, demethylation
of the central cell and the vegetative nucleus is observed,
likely mediated in both tissues by the ROS1 ortholog
ROS]1a (Park et al. 2016; Kim et al. 2019).
Demethylation of TEs in the central cell of the female
gametophyte and the vegetative cell of pollen has been pro-
posed to be part of a defense mechanism set up to efficient-
ly silence these TEs in the egg and sperm cells (McDonald
et al. 2005; Gehring et al. 2009; Hsieh et al. 2009; Calarco
et al. 2012; Ibarra et al. 2012). Demethylation of TEs leads
to their transcriptional activation and production of small
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interfering RNAs (siRNAs) (Slotkin et al. 2009). siRNAs
generated from transcriptionally active TEs can then
initiate DNA methylation through the noncanonical
RNA-directed DNA methylation (RADM) pathway, which
uses them as guides to target the DNA methylation ma-
chinery to homologous sequences (Cuerda-Gil and Slotkin
2016; Zhang et al. 2018). The siRNAs that are produced in
the central cell and vegetative nucleus are hypothesized
to travel to the adjacent gametes—the egg and sperm
cells—and promote DNA methylation of TE sequences
there, enforcing their silencing (Slotkin et al. 2009; Cal-
arco et al. 2012). Consistent with this hypothesis, siRNAs
expressed in the vegetative cell and a miRNA expressed in
the central cell are able to confer silencing of reporters ex-
pressed in sperm and egg cells, respectively (Ibarra et al.
2012; Martinez et al. 2016).

Because imprinted genes often show enrichment of TEs
in their flanking regions (Gehring et al. 2009; Wollff et al.
2011; Rodrigues et al. 2013; Pignatta et al. 2014; Hatoran-
gan et al. 2016; Yuan et al. 2017), DME-mediated deme-
thylation of these elements can have an influence on the
expression of the nearby imprinted genes. Hence, the pri-
mary role of DME and other DNA glycosylases is not to
generate imprinted gene expression. Instead, imprinted
gene expression arises as a byproduct of DME activity
on TEs (McDonald et al. 2005; Gehring et al. 2009;
Hsieh et al. 2009). Nevertheless, DME-mediated DNA
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demethylation of the central cell has a direct impact on
the epigenetic landscape of the endosperm and is determi-
nant for imprinting, while demethylation of the vegeta-
tive nucleus seems to have an indirect impact: In
Arabidopsis, siRNAs produced in the vegetative nucleus
accumulate in the sperm cells and are associated with
MEGs (Calarco et al. 2012). Furthermore, these loci are
highly methylated, suggesting that the siRNAs produced
in the vegetative nucleus are important to enforce silenc-
ing of paternal alleles of MEGs in the sperm cell (Calarco
et al. 2012). Besides the role of RADM in promoting meth-
ylation of the paternal alleles of some MEGs, the activity
of DNA METHYLTRANSFERASE 1 (MET1) and CHRO-
MOMETHYLASE 3 (CMTS3) is required for the mainte-
nance of CG and CHG methylation levels in sperm
cells, respectively, ensuring epigenetic inheritance (Fig.
1A; Saze et al. 2003; Jullien et al. 2006b; Calarco et al.
2012).

Together, the different dynamics of DNA methylation
pathways in male and female gametes results in the inher-
itance of a locally demethylated maternal genome and a
hypermethylated paternal genome in the endosperm (Ta-
ble 1; Fig. 1A-D). As a consequence, differentially methyl-
ated regions (DMRs) between both parental genomes can
be defined, where the maternal allele is often hypomethy-
lated, especially in the context of DMRs associated with
imprinted genes (Gehring et al. 2009; Zhang et al. 2011,
2014; Ibarra et al. 2012; Park et al. 2016; Yuan et al.
2017). Interestingly, inheritance of a demethylated mater-
nal genome in the endosperm is observed in all plants an-
alyzed thus far (i.e., A. thaliana, A. lyrata, castor bean,
rice, and maize), suggesting that the process of central
cell demethylation is conserved across different species
(Gehring et al. 2009; Hsieh et al. 2009; Zemach et al.
2010; Zhang et al. 2011, 2014; Ibarra et al. 2012; Rodrigues
et al. 2013; Xu et al. 2014, Klosinska et al. 2016; Park et al.
2016; Yuan et al. 2017).

Maternal DNA demethylation as a primary driver
of imprinted expression

Maternally expressed genes dependent on parental DNA
methylation asymmetries

Multiple studies have previously demonstrated that
MEGs are often associated with DMRs where the paternal
allele has higher methylation than the maternal allele:
Around 28%-54% of MEGs are associated with at least
one DMR across different species (Table 1). Because of its
ability to repress transcription (Niederhuth et al. 2016),
the presence of DNA methylation on the paternal alleles
of these genes leads to their silencing, while absence of
this mark on the maternal alleles allows for their tran-
scription. This simple mechanism of imprinting is associ-
ated with the regulation of several MEGs (Fig. 2A; Jullien
et al. 2006b; Tiwari et al. 2008; Vu et al. 2013). One of
these genes is FLOWERING WAGENINGEN (FWA);
FWA contains a SINE TE in its vicinity, and this repetitive
element is methylated in sporophytic tissues through the
activity of RADM and MET]1, repressing the transcription
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of FWA in these tissues (Kinoshita et al. 2004, 2006). In
sperm, the activity of MET1 allows for the maintenance
of DNA methylation in this TE, while in the central cell
the SINE element is targeted for DNA demethylation by
DME, a process required for the expression of the maternal
allele of FWA in the endosperm (Kinoshita et al. 2004,
2006). Introducing met1 paternally prevents the methyla-
tion of the SINE element in sperm, leading to activation of
the paternal allele and to biallelic expression of FWA in
the endosperm (Kinoshita et al. 2004). On the other
hand, introducing dmel maternally prevents demethyla-
tion of the SINE TE, and consequently, the maternal allele
of FWA is not expressed in the endosperm (Kinoshita et al.
2004). This illustrates the requirement of DME for mater-
nal activation of MEGs, as well as the requirement of
MET1 for paternal repression of these genes (Fig. 2A).
Imprintome studies of met1 and dme corroborate this sce-
nario, showing that a subset of MEGs become biallelically
expressed in metl paternal mutants, and maternally re-
pressed in dme maternal mutants (Hsieh et al. 2011;
Hornslien et al. 2019).

In this way, DNA methylation, or more specifically, the
parental asymmetry of DNA methylation, has the poten-
tial to act as the exclusive mark controlling the imprint-
ing of several MEG loci. In agreement with this model,
around 26% of MEGs in A. thaliana and 31% of MEGs
A. Iyrata are exclusively marked with hypomethylated
DMRs (Table 1), supporting the idea that the imprinting
of these genes is controlled by parental DNA methylation
asymmetries alone. Nevertheless, it is interesting to note
that many MEGs are not associated with any of the epige-
netic marks assessed so far (hypomethylated DMRs
and paternal accumulation of H3K27me3) (Table 1).
This, together with the observation that the imprinting
of many MEGs is not influenced by metl (Hornslien
etal. 2019), suggests that there are additional mechanisms
controlling the imprinting of MEGs, and that these mech-
anisms possibly rely on yet to be determined epigenetic
modifications.

Paternally expressed genes dependent on parental DNA
methylation asymmetries and H3K27me3

Besides controlling the imprinting of several MEGs, paren-
tal asymmetries in DNA methylation can also lead to pa-
rental-specific deposition of the repressive histone mark
H3K27me3 by PcG proteins, a process often required for
PEG imprinting. PcG proteins act as multimeric complex-
es denominated Polycomb repressive complexes (PRCs).
These complexes can be distinguished as type 1 (PRC1),
or type 2 (PRC2), the latter being responsible for the depo-
sition of H3K27me3 (Mozgova and Hennig 2015). In A.
thaliana, PRC2 complexes can be comprised of distinct
sets of proteins and act at different stages of plant develop-
ment (Mozgova et al. 2015). Notwithstanding, in this
species, genomic imprinting mediated by H3K27me3 relies
on the FERTILISATION INDEPENDENT (FIS)-PRC2
complex (Gehring et al. 2006; Jullien et al. 2006a; Makare-
vich et al. 2008; Hsieh et al. 2011; Wolff et al. 2011; More-
no-Romero et al. 2016, 2019), which is composed of
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Table 1. Presence of epigenetic modifications on imprinted genes in different plant species

Genes with
Imprinting 3 H3K27me3 No DMR or
status Species DMR & H3K27me3 and DMR DMR only & H3K27me3 only H3K27me3
MEGs Arabidopsis 28% (23/81F 6% (5/85)° 2% (2/81) 26% (21/81) 4% (3/81) 68% (55/81)
thaliana®
Arabidopsis ~ 47% (16/34)% 4% (1/26)%P 0% (0/26) 31% (8/26) 4% (1/26) 65% (17/26)
Iyrata
Rice®! 67% (108/162)° 17% (16/93)"  ND ND ND ND
Maize® 54% (21/39)F 0% (0/37) ND ND ND ND
Q H3K27me3 No DMR or
DMR Q H3K27me3 and DMR DMR only Q H3K27me3 only  H3K27me3
PEGs Arabidopsis 43% (18/42)*  90% (38/42)° 36% (15/42) 7% (3/42)  55% (23/42) 0% (0/42)
thaliana® + H3K9me2 and + H3K9me2 and + H3K9me2 and
CHG: 64% CHG: 71% CHG: 72%
(23/36)° (10/14) (13/18)
Arabidopsis  33% (16/49)%  51% (24/47)**  15% (7/47) 17% (8/47) 36% (17/47) 30% (14/47)
Iyrata
Rice™f 81% (77/95)°  30% (34/115)% ND ND ND ND
Maize® 60% (41/68)F  52% (36/68)fF  ND ND ND ND

For each imprinted gene, the presence of the following marks in gene bodies and flanking regions was assessed: (1) differentially DNA
methylated regions (DMRs) between endosperm maternal and paternal alleles, or DMRs between endosperm and embryo (only hypo-
methylated DMRs are reported here); (2) the presence of endosperm H3K27me3 on paternal alleles of MEGs, or the presence of endo-
sperm H3K27me3 on maternal alleles of PEGs; and (3) the presence of endosperm H3K9me2 and CHG on maternal alleles. The data
sources are indicated by the superscript letters. (a) Pignatta et al. (2014); (b) Moreno-Romero et al. (2016); (c) Moreno-Romero et al.
(2019) (d) Klosinska et al. (2016); (¢) Yuan et al. (2017); (f) Chen et al. (2018); (g) Zhang et al. (2014); (h) Del Toro-De Le6n and Kohler
(2019). (*) H3K27me3 accumulation is reported without parent-of-origin information. (ND) No data. Imprinted genes of each species
were considered as those identified in the data sources associated with each species name. For A. thaliana, the subset of imprinted
genes identified by Del Toro-De Leén and Kohler (2019) which overlapped with genes identified in other imprintome studies was
used. For imprinted A. Iyrata genes, the presence/absence of H3K27me3 was assessed in the A. thaliana homologs, using the data set
published by Moreno-Romero et al. (2016). Homologous A. thaliana genes were those originally reported in Klosinska et al. (2016).

FERTILISATION INDEPENDENT SEED 2 (FIS2), ME- that in a subset of DME target regions, H3K27me3 is
DEA (MEA), FERTILISATION INDEPENDENT ENDO- deposited by the action of FIS-PRC2 in the central cell,
SPERM (FIE), and MULTICOPY SUPPRESSOR OF IRA 1 leading to the inheritance of maternally H3K27me3-
(MSI1) (Mozgova and Hennig 2015). FIS-PRC2 functions marked alleles. In these loci, maternal DNA demethyla-

specifically during reproductive stages, namely, during fe- tion acts as the primary factor for imprinting, by allowing
male gametogenesis and endosperm development (Fig. 1C; the deposition of H3K27me3 on maternal alleles, which
Mozgova et al. 2015). In contrast, PRC2 proteins are can therefore be considered a secondary imprint. Mater-
thought to have reduced or no activity in mature pollen, nal-specific H3K27me3 deposition renders these alleles
and while some PRC2 components are expressed in early transcriptionally inactive, while the paternal allele is
pollen developmental stages or in vegetative nuclei, they active, thus defining a PEG (Fig. 2C). In A. Iyrata, 15%
are generally not found in sperm cells (Fig. 1C; Luo et al. of PEGs show maternal H3K27me3 accumulation, which
2000; Spillane et al. 2000; Schoft et al. 2011). After fertili- is simultaneously associated with the presence of a hypo-
zation, the FIS-PRC2 is present in the endosperm, and methylated DMR (Table 1). The same situation is ob-
the components MEA and FIS2 are imprinted and mater- served in about 36% of A. thaliana PEGs (Table 1),
nally expressed (Fig. 1C; Kinoshita et al. 1999; Luo et al. showing that the combination of maternal DNA deme-
2000). thylation, followed by H3K27me3 deposition explains

Deposition of H3K27me3 is anticorrelated with the the imprinting mechanism of a relevant fraction of PEGs.
presence of DNA methylation, both in sporophytic tis- One example of such pattern of imprinting is that of
sues (Roudier et al. 2011; Deleris et al. 2012), as well as the MADS-box transcription factor PHERES 1 (PHEI),
in the endosperm (Weinhofer et al. 2010). In line with which is flanked by 3’ repetitive sequences (Makarevich
this, in the endosperm, H3K27me3 is often found to be lo- et al. 2008). These sequences are demethylated in the
cated in regions that are demethylated by DME in the cen- central cell through the activity of DME, allowing the
tral cell (Moreno-Romero et al. 2016), some of which are in deposition of H3K27me3 on the maternal alleles of this
the vicinity of imprinted genes (Gehring et al. 2009; Hsich gene, and, consequently, promoting its repression (Hsieh
et al. 2009; Ibarra et al. 2012). These observations indicate et al. 2009). Interestingly, the 3’ repetitive sequences in
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Figure 2. Models of imprinted gene regulation. Different models for the epigenetic regulation of MEGs (A,B) and PEGs (C-E). Models
represent the epigenetic status of maternal and paternal alleles in the central cell, sperm cell, and endosperm. The estimated proportion
of genes regulated by each of these scenarios is reported in Supplemental Table 1. (A) In this scenario, MEGs are constitutively marked
with DNA methylation and are therefore silenced in sporophytic tissues. Maternal expression in the endosperm requires the removal
of maternal DNA methylation, as well as maintenance of paternal methylation, which is achieved by DME and MET1, respectively.
(B) MEGs that are expressed both in the endosperm and in sporophytic tissues do not carry any constitutive marks. In this scenario, ma-
ternal-specific expression is achieved through silencing of the paternal allele, a process that could possibly be mediated by RADM activity
in pollen. (C) These PEGs are constitutively marked with DNA methylation; however, this mark does not lead to transcriptional silenc-
ing, but rather prevents the deposition of H3K27me3 by FIS-PRC2. Maternal-specific demethylation mediated by DME allows deposition
of H3K27me3 in these alleles, leading to their transcriptional inactivation in the endosperm. The presence of DNA methylation in pater-
nal alleles prevents deposition of H3K27me3, allowing for the transcription of this allele. (D) PEGs in this scenario do not show any con-
stitutive epigenetic marks and are expressed in the endosperm as well as in sporophytic tissues. Paternal-specific expression in the
endosperm can be achieved through silencing of the maternal alleles in the central cell, mediated by FIS-PRC2 and central cell-specific
transcription factors. (E) In this scenario, PEGs show constitutive H3K27me3 and are transcriptionally inactive in sporophytic tissues.
This silencing mark is faithfully maintained during female sexual lineage differentiation. On the other hand, decreased activity of the
PRC?2 in sperm cells causes removal of H3K27me3, leading to transcriptional activation of paternal alleles.

the paternal allele of PHE1 are methylated and this is hy- of the paternal allele when met1 is introduced paternally
pothesized to exclude H3K27me3 deposition in the endo- (Hornslien et al. 2019), similarly to what was reported pre-
sperm (Makarevich et al. 2008). This mechanism of viously (Hsieh et al. 2011; Wolff et al. 2011). Nevertheless,
paternal exclusion of H3K27me3 via DNA methylation it remains to be experimentally tested whether this re-
has been proposed to prevent silencing of the paternal al- pression is achieved through deposition of H3K27me3.

leles of several PEGs (Fig. 2C; Hsieh et al. 2011; Kohler Besidesits role in establishing paternal-specific imprint-
et al. 2012). In line with this, it has been observed that ed gene expression, H3K27me3 was also shown to con-
around 33% (11/33) of the tested PEGs show repression tribute to the regulation of a small subset of MEGs
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by repressing the paternal alleles of these genes (Gehring
et al. 2006; Jullien et al. 2006a; Gerald et al. 2009;
Hsieh et al. 2011). In line with this, paternal-specific
H3K27me3 accumulation is observed in some A. thaliana,
A. Iyrata, and rice MEGs (Table 1). In addition, H3K27me3
has been shown to modulate the expression levels of the
active maternal alleles of some MEGs (Hsieh et al. 2011;
Hornslien et al. 2019).

H3K27me3: a potential primary driver of imprinted
expression

It is interesting to note that many imprinted genes are not
associated with hypomethylated DMRs (Table 1). More-
over, a significant portion of PEGs are exclusively marked
with maternal H3K27me3 (36% in A. Iyrata and 55% in
A. thaliana) (Table 1). This suggests that this epigenetic
mark is the primary factor controlling the imprinting of
a considerable fraction of PEGs, and that deposition of
maternal H3K27me3 at many PEGs does not require
DME activity, since DNA methylation is not present at
these loci (Fig. 2D,E). The observation that in dme the
maternal alleles of some PEGs become activated has led
to the suggestion that the maintenance of DNA methyla-
tion observed in this mutant prevents the deposition of
H3K27me3 on maternal alleles, thus avoiding their re-
pression (Hsieh et al. 2011). However, FIS-PRC2. function
is likely compromised in dme, since demethylation is re-
quired for activation of MEA and FIS2 (Choi et al. 2002;
Gehring et al. 2006; Jullien et al. 2006b; Hsieh et al.
2011), which could explain the biallelic expression of
some PEGs in this mutant. Furthermore, the observation
that H3K2.7me3 accumulates in DME demethylated re-
gions (Moreno-Romero et al. 2016) does not exclude the
possibility that FIS-PRC2 also targets constitutively
unmethylated regions. Thus, deposition of H3K27me3
in these regions would not require the action of DME in
the central cell. In this way, FIS-PRC2 activity could be
uncoupled from DME DNA demethylation, opening the
possibility for H3K27me3 to act as a primary imprint in
the female gametes. Furthermore, the fact that the activ-
ity of PRC2 proteins is reduced in the male gametophyte
and nearly absent from sperm cells (Table 1; Luo et al.
2000; Spillane et al. 2000; Schoft et al. 2011), supports a
scenario where H3K2.7me3 can be asymmetrically accu-
mulated in female and male gametes, independently of
DNA methylation.

Plant PRC2s do not bind to DNA directly, and have
been previously described to be recruited by transcription
factors in plants (Xiao et al. 2017; Zhou et al. 2018). There-
fore, targeting of PRC2 in the maternal genome could be
achieved through the activity of central cell-specific tran-
scription factors. Recent results show that RC/Helitron
TEs in the vicinity PEGs carry binding sites for type I
MADS-box transcription factors and are associated with
maternal H3K27me3 deposition (Batista et al. 2019). Since
several type I MADS-box transcription factors are specifi-
cally expressed during female gametogenesis (Bemer et al.
2010), it is enticing to hypothesize that these transcrip-
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tion factors could mediate H3K27me3 deposition by guid-
ing FIS-PRC2 to TEs, having an indirect influence on the
imprinting of nearby PEGs. Nevertheless, this hypothesis
remains to be experimentally tested.

Once H3K27me3 is deposited in the central cell, this
mark can be specifically maintained on maternal alleles
during endosperm proliferation: PcG proteins are local-
ized to the DNA replication fork, ensuring propagation
of H3K27me3 marked nucleosomes during replication
(Hansen et al. 2008; Margueron et al. 2009; Alabert et al.
2014; Jiang and Berger 2017). However, faithful mainte-
nance of H3K27me3 during replication in Drosophila re-
quires also the presence of Polycomb response elements
(PREs) (Coleman and Struhl 2017; Laprell et al. 2017).
This favors a model where H3K27me3-marked nucleo-
somes and cis-regulatory elements (PREs) act as a tem-
plate for the maintenance of this mark on the daughter
strands after replication (Hansen et al. 2008; Margueron
et al. 2009; Alabert et al. 2014; Coleman and Struhl
2017; Jiang and Berger 2017; Laprell et al. 2017). On the
other hand, absence of H3K27me3 on the paternal allele
could be maintained in the endosperm due to the ongoing
transcription of this allele blocking PRC2 targeting
(Blackledge et al. 2015).

Interestingly, H3K27me3 deposition on the maternal
alleles of many A. thaliana PEGs is frequently associated
with CHG methylation and H3K9me2 (Table 1; Moreno-
Romero et al. 2019). The colocalization of these marks
can be detected in the majority of known PEGs and pater-
nally biased genes, and this specific epigenetic signature
allows predicting a gene’s parental expression bias in
the endosperm. Furthermore, the deposition of CHG and
H3K9me2 seems to depend on prior H3K27me3 establish-
ment (Moreno-Romero et al. 2019), suggesting that be-
sides being able to act as a primary imprint, H3K27me3
can also enforce silencing by recruiting additional repres-
sive modifications. In A. Iyrata, a similar accumulation of
CHG methylation has been observed on the maternal al-
leles of PEGs (Klosinska et al. 2016), suggesting that
H3K27me3-mediated recruitment of H3K9me2 and
CHG methylation occurs similarly in this species. Not-
withstanding, a thorough profiling of H3K27me3 and
H3K9me?2 in the endosperm of A. Iyrata is required to val-
idate this hypothesis.

In mammals, despite DNA methylation being the ma-
jor driver of imprinted gene expression, a subset of genes
has been described to be imprinted in a DNA methyla-
tion-independent manner (Inoue et al. 2017a,b, 2018). Im-
printing is established by the specific deposition of
H3K27me3 in the oocytes, but not in sperm (Inoue et al.
2017a,b, 2018), resembling the proposed scenario for
PEG imprinting in the endosperm. Remarkably, many
genes that are imprinted exclusively through DNA meth-
ylation remain imprinted in extra-embryonic tissues,
while genes marked exclusively by H3K27me3 are tran-
siently imprinted: Biased parental expression is observed
in preimplantation embryos, with few genes remaining
imprinted in later stages of embryo development (Inoue
et al. 2017a). This suggests that different imprinting strat-
egies relate to different patterns of expression.
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Together, these observations make a strong case for
H3K27me3 acting as a primary imprint in the regulation
of PEGs in plants and mammals: This imprint can func-
tion independently of DNA methylation, it is asymmetri-
cally deposited in female and male gametes, and it can be
stably and specifically maintained in the fertilization
products. Therefore, it is possible that plants and mam-
mals share this mechanism of imprinting regulation, sug-
gesting that it might have evolved independently through
a process of convergent evolution.

A revised model for genomic imprinting

Taking together the currently available data, we propose
to extend the existing models of genomic imprinting,
and discuss possible additional pathways regulating
MEGs and PEGs, giving special emphasis to DNA methyl-
ation-independent mechanisms of imprinting (Fig. 2A-E;
Supplemental Table 1). In these models we have account-
ed for the fact that several imprinted genes are not specif-
ically expressed in the endosperm, but also function
elsewhere during plant development (Makarevitch et al.
2013; Waters et al. 2013; Pignatta et al. 2014; Zhang
et al. 2014, Klosinska et al. 2016; Moreno-Romero et al.
2019). By analyzing the expression pattern of different im-
printed genes in maize, Zhang et al. (2014) proposed an as-
sociation between the mode of imprinting and the
expression of these genes in sporophytic tissues. Different
gene expression patterns are associated with different dy-
namics of epigenetic landscapes throughout development
(Roudier et al. 2011). Therefore, it is reasonable to assume
that the epigenetic landscape before gametogenesis differs
between genes, depending on their expression pattern in
sporophytic tissues. This could in turn determine how im-
printed expression is established for each of these genes
(Fig. 2A-E).

Several MEGs are associated with maternal DNA deme-
thylation, and are thus likely regulated according to the
mechanism proposed before (Kohler et al. 2012; Gehring
2013; Rodrigues and Zilberman 2015; Satyaki and Gehring
2017): DNA methylation in the regulatory regions of these
genes has a repressive effect, which renders them inactive
in sporophytic tissues, and as such, exclusively expressed
in the endosperm (Fig. 2A). In these cases, the activity of
DME is necessary to demethylate the maternal alleles, al-
lowing for their expression in the endosperm. On the other
hand, DNA methylation on the paternal allele is main-
tained from sporophytic tissues during pollen develop-
ment (Hsieh et al. 2016), preventing the expression of
this allele in the endosperm. In agreement with this, genes
that are biallelically expressed in crosses with a met1 fa-
ther are primarily expressed in the endosperm (Hsieh
et al. 2011). For a subset of these MEGs, an additional
repressive layer on the paternal allele can be enforced
by FIS-PRC2 in the endosperm, through deposition of
H3K27me3 on the paternal alleles, as is the case of MEA
(Gehring et al. 2006; Jullien et al. 2006a). How this
is achieved, and how DNA methylation influences
H3K27me3 deposition at these loci, is still unknown.

Genomic imprinting in plants

Notwithstanding this model, and in light of the fact
that several MEGs are not affected by dme, metl, or
FIS-PRC2 mutants (Hsieh et al. 2011; Hornslien et al.
2019), we suggest an alternative mechanism of MEG reg-
ulation that does not depend on DME demethylation
(Fig. 2B). If a gene is constitutively expressed, it will like-
ly not be marked by DNA methylation in its flanking re-
gions, since this has a negative effect on transcription
(Niederhuth et al. 2016). Therefore, DME demethylation
of the maternal allele is not required, and imprinted ex-
pression could be simply achieved through repression of
the paternal allele. In this scenario, the mechanism to
achieve parental DNA methylation asymmetries is dis-
tinct from that described in Figure 2A; notwithstanding,
maternal hypomethylation is observed in both scenarios.
Currently there are no defined candidates for what this
paternal repressor could be; nevertheless, the accumula-
tion of siRNAs and DNA methylation observed at some
paternal alleles of MEGs in sperm points to RADM as a
potential candidate (Calarco et al. 2012). Paternal activi-
ty of RADM was previously implicated in the repression
of MEGs such as SDC and MOP9.5, among others (Vu
et al. 2013; Hornslien et al. 2019). Interestingly, activity
of RADM seems to not be required in sperm, but rather
in paternal sporophytic tissues (Vu et al. 2013), suggest-
ing that the paternal imprint is established prior to gam-
ete formation. It is also important to note that the
imprinting of a considerable fraction of MEGs cannot
be explained through the epigenetic marks assessed so
far (DNA methylation and paternal H3K27me3) (Table
1). Therefore, additional unknown epigenetic mecha-
nisms must be involved in the regulation of these genes.
Further experimental work is required to identify what
these mechanisms are and how they contribute to im-
printed expression.

In the case of PEGs, we envision three distinct mecha-
nisms (Fig. 2C-E), two of which could function exclusive-
ly with H3K27me3 as the primary imprint (Fig. 2D,E). The
classical model of PEG regulation depends on maternal
demethylation through DME, which in turn facilitates
H3K27me3 deposition (Fig. 2C; Kohler et al. 2012; Gehr-
ing 2013; Rodrigues and Zilberman 2015; Satyaki and
Gehring 2017). For most PEGs, this is further associated
with the deposition of H3K9me2 and CHG methylation,
which possibly reinforces silencing of the maternal alleles
(Moreno-Romero et al. 2019). The enzymes depositing
H3K9me2 and CHG methylation on maternal alleles of
PEG remain to be elucidated, as well as the relevance of
this double modification for repression. Unlike the case
of the MEGs represented in Figure 2A, DNA methylation
in the flanking regions of these PEGs does not seem to
have a repressive effect, since the paternal allele is ex-
pressed despite the presence of this mark. Consequently,
these PEGs are potentially expressed in other tissues be-
sides the endosperm. This points to DNA methylation
functioning in these genes as a mechanism of exclusion
of H3K27me3, rather than having a direct repressive effect
on transcription. In line with this, Zhang et al. (2014) ob-
served that maize PEGs which are not exclusively ex-
pressed in the endosperm are often associated with
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maternal hypomethylated DMRs, and maternal accumu-
lation of H3K27me3.

In a different subset of PEGs, the presence of maternal
H3K27me3 is detected independently of the occurrence
of DMRs (Table 1; Fig. 2D). Lack of DMRs in the flanking
regions of these genes suggests that they are potentially
expressed in other tissues besides the endosperm. Im-
printed expression of these genes could thus be achieved
through repression of maternal alleles in a DME-indepen-
dent manner, possibly through the action of central
cell-specific transcription factors that guide FIS-PRC2
to the target regions (Xiao et al. 2017). Since these mater-
nal regions are not DNA methylated, deposition of
H3K27me3 would not be counteracted (Fig. 2D).

Interestingly, in maize, it has been observed that PEGs
that are expressed exclusively in the endosperm are often
marked by H3K27me3 in other tissues (Makarevitch et al.
2013; Zhang et al. 2014). Thus, this points to a third sce-
nario of PEG regulation, where the activation of these
genes in the endosperm would only require removal of
H3K27me3 from the paternal allele (Fig. 2F; Zhang et al.
2014). Since PRC2 activity is reduced in sperm (Fig. 1C;
Luo et al. 2000; Spillane et al. 2000; Schoft et al. 2011),
this could be easily achieved. In parallel, the maternal al-
lele could remain repressed through maintenance of the
H3K27me3 marks present in sporophytic tissues (Fig.
2E). While it has been shown that the levels of this histone
mark are reduced prior to meiosis of the megaspore moth-
er cell (MMC)in A. thaliana (She et al. 2013), it is current-
ly unknown how this decrease of H3K27me3 is achieved,
and to which extent this affects genes that are marked in
sporophytic tissues. Further understanding of H3K27me3
dynamics during female gametogenesis will be crucial to
assess the validity of this scenario.

Conclusions and perspectives

Since the identification of the first imprinted gene in
plants (Kermicle 1970), major progress has been made in
uncovering the regulatory mechanisms conferring paren-
tal-specific gene expression in a wide range of plant spe-
cies. These efforts have allowed the unveiling of the role
of several key epigenetic players for imprinting establish-
ment, such as DME and FIS-PRC2. Nevertheless, it is ev-
ident that the current epigenetic models cannot be
generalized to explain the imprinting of all genes. The
body of data generated during the latest years and dis-
cussed here suggests that the regulation of imprinting in
plants is likely explained through a combination of several
different epigenetic mechanisms. These mainly include
DNA methylation and H3K27me3, while some additional
epigenetic modifications such as H3K9me2 are emerging
as important factors in the regulation of a subset of genes.
Defining the role of these modifications, as well as the ma-
chineries establishing them are important tasks to be ad-
dressed in the future. While DNA methylation has been
previously recognized to be solely responsible for the im-
printing of some genes, a similar role for H3K27me3 has
yet to be experimentally assessed. Here, we suggest that
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H3K27me3 can act both as a primary and secondary im-
print, and that this is likely important for the regulation
of many imprinted genes, especially PEGs, similarly to
what has been previously shown in animals. Testing
this model would be an important step forward in under-
standing imprinting regulation in plants. Recent advances
in the isolation of endosperm and gamete cells (Park et al.
2016; Moreno-Romero et al. 2017; Santos et al. 2017;
Zheng and Gehring 2019), as well as in techniques to as-
sess the epigenome of these tissues (Moreno-Romero
et al. 2017; Zheng and Gehring 2019) will hopefully con-
tribute to deepen our understanding of the epigenetic
pathways regulating imprinting in plants.
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