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In angiosperms, seed development initiates after a double fertilization event in the female gametophyte, in which one
male sperm cell fuses to the central cell to form the endosperm and the other to the egg cell to form the embryo.
Sexually-derived seed is thus characterized by maternal and paternal contributions to the progeny. Some plant species
have the capacity to form seeds asexually, a process known as apomixis. This mode of reproduction is characterized
by a bypass of meiotic reduction and the absence of paternal contribution to the embryo, resulting in a seed with an
embryo genetically identical to the mother. Little is known about the molecular events that regulate apomictic
development. Recent findings show that the apomictic and sexual developmental programs share molecular compo-
nents, suggesting that apomixis is a deregulated sexual program. Furthermore, the identification of apomictic
developmental features in fertilization-independent seed (fis) mutants in the sexual model plant Arabidopsis has also
shed light on the molecular events that control sexual seed development, and has opened new questions as to the
molecular nature of autonomous seed development. FIS-class genes are homologues of the Polycomb Group (PcG)
chromatin remodelling factors conserved in Drosophila and humans, where they have been implicated in gene
repression and control of cell fate throughout development. fis phenotypes are affected by DNA methylation, a DNA
alteration associated with heterochromatin formation and gene silencing. Thus, the chromatin environment can be
manipulated to make certain regions of the genome more or less susceptible to transcription; this form of control, in
which gene expression patterns are altered without a change in the DNA sequence itself, is defined as epigenetic
regulation. Different aspects of plant development have been shown to be controlled by epigenetic regulation. This
review will highlight recent advances in understanding the epigenetic control of seed development. They are discussed
in light of a model whereby altered epigenetic mechanisms might lead to complete maternal control of reproductive
development as seen in apomixis.
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INTRODUCTION

In angiosperms, the decision to reproduce is marked by
a transition from vegetative to reproductive growth,
leading to the formation of a flower, in which the gametes
are formed. The multicellular male and female gameto-
phytes of flowering plants are embedded in sporophytic
tissue, and are formed after meiotic reduction and sub-
sequent mitosis. Sexual reproduction is marked by a
double fertilization event, leading to the discharge of two
male sperm cells into the female gametophyte. 

The female gametophyte is formed within the
ovule located in the carpel. The development of the

most common form of female gametophyte in angios-
perms (Polygonum type) begins with the differentia-
tion of an archesporial cell near the tip of the ovule
primordium, enlarging to form the megaspore mother
cell (MMC). The MMC undergoes a meiotic division,
resulting in the formation of four megaspores. Three of
these degenerate, and the selected megaspore divides
mitotically. Following nuclear migration and cellular-
ization, a mature 7-celled embryo sac (ES) is formed.
During the double fertilization event, one male sperm
cell fuses to the central cell nucleus, to give rise to the
endosperm, while sperm cell fusion with the egg cell
initiates embryo formation. Both endosperm and em-
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bryo develop in a coordinated way to form a mature
seed.

Some plants form seed asexually by apomixis (No-
gler, 1984; Asker and Jerling, 1992). The major events
that characterize this mode of reproduction include the
avoidance of meiotic reduction during embryo sac for-
mation, fertilization-independent embryo develop-
ment, and the formation of endosperm with or without
fertilization (Koltunow and Grossniklaus, 2003). Apo-
mixis results in seeds containing an embryo that is
genetically identical to the female parent. Apomixis
does not occur to the mutual exclusion of sexual repro-
duction in a plant, as the capacity to form a percentage
of seeds via sexual reproduction is retained in most
apomicts. Apomixis can occur by different pathways
(Asker and Jerling, 1992). The most common form,
gametophytic apomixis, occurs through the production
of an unreduced female gametophyte (Fig. 1). The
origin of the non-reduced gametophyte can be the MMC
(diplospory); in others, a somatic nucellar cell enlarges
and differentiates to form an aposporous initial (AI)
which is the progenitor of the unreduced embryo sac

(apospory). In both cases, the egg cell develops par-
thenogenetically. Endosperm development can occur
autonomously in some species such as Hieracium (Kol-
tunow et al., 1998), while in others, such as most grass
species, fertilization of the central cell is required for
appropriate seed development (pseudogamy).

The production of many agronomic crops depends
largely on sexually derived hybrids, whose beneficial
traits can be lost in successive generations as a result
of the recombination and segregation events that
define sexual reproduction. Apomixis is largely absent
in agricultural crops, but harnessing apomixis in crops
could be an important tool to fix genetically desired
traits. This could allow the production of clonal seeds
with embryos genetically identical to the maternal
parent, enabling the maintenance of an elite genotype
through seed (Bicknell and Koltunow, 2004). Under-
standing the molecular mechanisms that control apo-
mixis is an essential step towards achieving this goal.

Although genetic studies show that apomixis is
generally a dominant trait (Savidan, 2000; Bicknell
and Koltunow, 2004), the molecular control of apomic-

Fig. 1. Gametophytic apomixis is characterized by two major events that are altered relative to sexual reproduction. First,
the cell that gives rise to the female gametophyte does not undergo meiotic reduction, producing an unreduced gametophyte.
Second, the unreduced egg cell develops parthenogenetically to give rise to a seed with an embryo genetically identical to the
mother plant. Variations in the mode of apomixis are encountered in different plant species. In diplospory, the progenitor cell
of the unreduced embryo sac is the MMC, whereas in apospory, a somatic cell in the nucellus or even integument differentiates
and initiates gametophytic development. In some plants termed pseudogamous, the central cell needs to be fertilized to produce
endosperm, whereas in other plants, and less commonly, the central cell develops autonomously to produce the endosperm.

38 Rodrigues and Koltunow



tic development is still unknown. Recent advances in
understanding the molecular relationship between
sexual and apomictic reproduction have been made in
the model plant Hieracium, which undergoes gameto-
phytic apomixis. By analyzing the expression pattern
of marker genes, it was shown that sexual and apomic-
tic reproduction share molecular components (Tucker
et al., 2003). Ovule initiation in apomictic Hieracium
seems to progress within the same molecular frame-
work as the sexual reproductive pathway, suggesting
that apomixis may be a deregulated sexual program
(Tucker et al., 2003). 

Isolation of genes involved in apomixis has been
approached in a number of ways: comparative screen-
ing of differentially expressed genes in related sex-ual
and natural apomictic populations, analysis of induced
mutants that have lost apomixis, and mutagenesis of
sexual species to induce components of apomixis. In
Arabidopsis, mutations in the fertilization independent
seed (fis) genes cause central cell proliferation and
initial events of endosperm development in the absence
of fertilization, a component of apomixis. Such genes
are related to the Drosophila chromatin modifying
Polycomb group genes. However, their role during apo-
mictic development is still unclear. 

Given the demonstrated relationship between
sexual and apomictic pathways, two models have been
proposed to explain the molecular manifestation of
apomixis. A genetic mutation model predicts that a key
factor regulating sexual reproduction is mutated or has
altered function, thereby leading to deregulation of the
sexual pathway. The mutation is not fully penetrant,
because the sexual process can also occur. The epimu-
tation model predicts that reversible changes in chro-
matin configuration might alter the expression of key
regulatory genes in both time and space, possibly trig-
gering the apomictic pathway at different developmen-
tal time points or in different cell types (Koltunow and
Grossniklaus, 2003). These models are not mutually
exclusive, considering that a mutation in an epigenetic
regulator could lead to altered heterochromatin forma-
tion. Some evidence supporting the view that apomixis
is epigenetically regulated includes the observation
that in most apomicts the developmental program is
not tightly conserved, and that differences in the tim-
ing of initiation and variation in the structures formed
occur in an individual plant in response to different
environmental conditions and stresses (Koltunow,
1993; Koltunow et al., 2000). Such flexibilities are
characteristic of epigenetic regulation. Epimutations
in biology are also more frequent; they can be reversible
and transmitted to progeny, thus making it more likely
to generate multiple changes in gene expression to
allow a complex developmental trait such as apomixis
to co-evolve and occur simultaneously with sexual re-
production in an individual plant (Koltunow and Gross-
niklaus, 2003).

CHROMATIN MODIFICATIONS
AND GENE EXPRESSION

Plant and animal growth and development depends on
the coordinated expression of specific subsets of the
total complement of genes found in the genome. The
molecular events that integrate developmental signals
and cell differentiation can be set early in development,
defining specific gene expression patterns that must be
precisely remembered throughout the subsequent divi-
sions of cells comprising a particular tissue. These set
states of gene expression programs can be established
and maintained by controlling chromatin configura-
tions in specific regions of the DNA and thus the
expression of the genetic information of the DNA se-
quence itself. 

In eukaryotes, DNA is packed into the nucleus
through an association with histones, to form chro-
matin. The basic organization unit of chromatin is the
nucleosome, consisting of approximately 165 bp of DNA
wrapped around an octamer of histones. Histones are
highly conserved basic proteins with a globular domain
that interacts with DNA and a flexible amino-terminal
region that remains somewhat protruded from the
nucleosome (Jenuwein and Allis, 2001). Chromatin can
exist in a more compact, condensed form (heterochro-
matin), inaccessible to transcription factors and RNA
polymerase and thus transcriptionally silent; or in a
less condensed state which is associated with tran-
scriptional activity (euchromatin). The extent to which
chromatin is condensed depends on DNA and histone
modifications, and is of great biological significance.
Chromatin condensation can be targeted to specific
regions in the genome, leading to the formation of
heterochromatin in telomeres, centromeres and trans-
posable elements, ensuring genomic stability; or it can
be targeted to specific genes, to control gene expression
involved in different aspects of plant and animal devel-
opment. In this context, cell differentiation is largely
determined by what transcription factors are available,
the accessibility of chromatin to these transcription
factors, and how this interplay is controlled throughout
a developmental process.

The condensation state of chromatin depends on
chemical modifications that occur to both DNA and
histones. The amino-terminal region of histones can be
the target of several post-translational modifications,
including phosphorylation, methylation and acetyla-
tion. To date, the most described modifications that
control chromatin condensation are histone methyla-
tion and acetylation (Jenuwein and Allis, 2001). DNA
can also be chemically modified by methylation of cy-
tosine residues. Together these modifications interact
to reinstate epigenetic marks, adding another layer of
regulation on top of the DNA code itself, which is known
as the histone code or epigenome (Fig. 2). According to
the histone code hypothesis, histone modifications are
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interdependent and can be synergistic or antagonistic
(Strahl and Allis, 2000; Jenuwein and Allis, 2001).
Histone methylation is usually associated with DNA
methylation and deacetylated histones. This particular
combination of modifications trigger chromatin con-
densation associated with gene silencing. On the other
hand, histone acetylation and histone methylation co-
exist to determine a more relaxed chromatin state,
compatible with transcriptional activity (Fig. 2). The
apparent contradiction of histone methylation being
associated with both chromatin states can be explained
by the fact that different amino acid residues are
methylated in each case. Typically, condensed chro-
matin is marked by methylation of lysine residues 9
and 27 on histone 3 (H3K9 and H3K27), whereas active
chromatin is associated with methylation of lysine
residue 4 on histone 3 (H3K4).

Chromatin modifications are often carried out by
chromatin remodelling complexes that have the ability
to control gene expression and cell fate during develop-
ment. These protein complexes may contain transcrip-
tion factors that account for the specificity of the
chromatin remodelling machinery. For instance, pro-
teins of the Polycomb Group (PcG) can form complexes
capable of maintaining chromatin states established
early in development, defining a cellular memory of
transcriptionally active or inactive genes (Pirrota et al.,
2003). In Drosophila, PcG complexes recognize and
bind to upstream responsive elements of homeotic
genes to establish a predominantly repressive state
and define segment identity. Recent findings in Droso-

phila and mammalian cells have shown that PcG com-
plexes can also function as transcription activators
(Pasini et al., 2004). Therefore, PcG complexes might
be considered to be chromatin-remodelling machines
that can function both to repress and activate tran-
scription, depending on the protein interactions re-
sponsible for recruiting the complex. Trithorax
complexes have an antagonistic action, preventing the
establishment of repressed states on specific promoter
sequences (Pirrota et al., 2003). The PcG complex com-
prised of the proteins EXTRA SEX COMBS (ESC) and
ENHANCER OF ZESTE [E(z)] of Drosophila interacts
with histone deacetylases, suggesting that histone
modifications are important to establish and/or main-
tain a repressed state (Simon and Tamkun, 2002; Pir-
rota et al., 2003).

Small interfering RNA (siRNA) can also target
chromatin modifications to regions of complementarity
in the genome. Heterochromatin formation in cen-
tromeres and at transposable elements is established
and maintained by siRNA-mediated silencing (Schramke
and Allshire, 2003; Lippman et al., 2004). Furthermore,
transcription factors can also be targeted by siRNA,
leading to chromatin modifications in homologous re-
gions and transcriptional repression, possibly having
important functions in controlling plant and animal
development (Steimer et al., 2004). Recent findings
also point to a role for microRNAs in directing DNA
methylation to specific regions to control the expression
of genes involved in leaf morphology (Bao et al., 2004).

EPIGENETICS AND PLANT DEVELOPMENT

In plants, epigenetic regulation has been shown to be
important for normal development. Epimutations,
aberrant DNA methylation patterns and defects in
chromatin remodelling genes all have been associated
with different kinds of developmental abnormalities,
such as homeotic transformations, sterility, transposon
activation and defects in flowering response pathways
(Finnegan et al., 1996; Ronemus et al., 1996; Soppe et
al., 2000; Lippman et al., 2004). 

Despite evidence supporting a role for epigenetic
regulation in development, the molecular mechanisms
that trigger such alterations and hence control devel-
opment still need clarification. The next section sum-
marizes recent findings showing epigenetic regulation
to be involved in different aspects of plant development
by integrating environmental and developmental sig-
nals to control gene expression.

DNA METHYLATION AND PLANT DEVELOPMENT

DNA methyltransferases

In Arabidopsis, the DNA methyltransferase family has
been separated into classes differing in sequence, do-

Fig. 2. Schematic diagram showing the dynamic chromatin
modifications that make up a histone code, or epigenome.
DNA is wrapped around histones to form nucleosomes, which
are the basic structural unit of chromatin. Chromatin modi-
fications can reinstate condensed chromatin, resulting in
transcriptional silencing, or they can relax chromatin, ulti-
mately resulting in transcriptional activity. The enzymes
responsible for the histone and DNA modifications indicated
can interact with different protein complexes to control gene
expression.
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main content and substrate specificity (Bestor, 2000;
Finnegan and Kovac, 2000): class I, the MET class,
which is closely related to the mammalian Dnmt1;
chromodomain methyltransferases (chromomethy-
lases, CMT) which are specific to plants; and finally,
domain-rearranged methyltransferases (DRM), which
are related to mammalian Dnmt3 (Bestor, 2000; Fin-
negan and Kovac, 2000). Class I is the main mainten-
ance DNA methyltransferase, largely responsible for
methylation at the symmetrical CpG site, whereas
CMT is involved in methylation of cytosine residues in
CpNpG sites and DRM for de novo (CpNpN) methyla-
tion (Henikoff and Comai, 1998; Genger et al., 1999;
Finnegan and Kovac, 2000; Cao and Jacobsen, 2002;
Cao and Jacobsen, 2002). The different classes of DNA
methyltransferases in both mammals and plants prob-
ably operate cooperatively and redundantly to regulate
DNA methylation in different regions (Bestor, 2000;
Morel et al., 2000; Xiao et al., 2003). Previously estab-
lished methylation marks can be copied to the daughter
strand during DNA replication, and thus maintained
indefinitely.

Methylated DNA is usually associated with chro-
matin condensation and transcriptional repression. A
clear role for DNA methylation has been established in
silencing repetitive DNA, transgenes and viral sequen-
ces, suggesting that it may have evolved as a mechan-
ism to ensure genomic stability in larger genomes by
controlling the activity of parasitic sequences (Matzke
et al., 1999; Walsh and Bestor, 1999; Ehrlich, 2003).
However, the extent to which it has been recruited to
control tissue-specific expression during developmen-
tal processes is still an open issue. 

Several lines of evidence show that DNA methyla-
tion is important for normal plant development, and more
specifically, plant reproduction. DNA methylation is in-
volved in the control of genomic imprinting (allele-specific
gene expression) an important aspect of seed develop-
ment (Grossniklaus, 2001; Jones and Takai, 2001). Ec-
topic down-regulation of a class I DNA methyltransferase
leads to genome hypomethylation and alterations of leaf
morphology and flowering time, and defects in gameto-
phyte and seed development (Finnegan et al., 1996;
Ronemus et al., 1996). Furthermore, reduced DNA
methylation caused by a loss-of-function mutation in
DDM (decreased DNA methylation), a chromatin re-
modelling gene of the SWI/SNF family, also leads to
pleiotropic developmental defects which are initially
weak but become more severe in subsequent gener-
ations (Jeddeloh et al., 1998; Jeddeloh et al., 1999). 

The altered flowering time phenotype in fwa mu-
tants has been shown to be caused by altered DNA
methylation status of the FWA locus (Soppe et al.,
2000), while locus-specific changes of DNA methylation
patterns in flowering repressors, such as the early
flowering locus FWA and FLOWERING LOCUS C
(FLC) was reported to be the cause of altered flowering

time observed in hypomethylated plants (Soppe et al.,
2000; Genger et al., 2003). These findings provide
evidence that DNA methylation has the potential to
control the expression of specific genes involved in
plant development. However, direct evidence of the
relevance of these changes to the actual control of
flowering in a wild type situation is still lacking.

DNA methylation and genomic imprinting

It has been shown genetically that DNA methyltrans-
ferase activity is necessary during gamete formation
during plant reproduction (Saze et al., 2003), but little
is known of how this epigenetic mark is recruited to
specific regions of the genome to mediate gene expres-
sion. Nevertheless, DNA methylation has been shown
to be involved in other aspects of seed development such
as genomic imprinting, a phenomenon in which genes
are differentially expressed depending on whether they
are of maternal or paternal origin. In mammals, inhe-
ritance of aberrant DNA methylation marks in im-
printed loci lead to abnormal development; imprinting
marks are maintained mainly by the class I DNA
methyltransferase DNMT1 (Fergunson-Smith and Su-
rani, 2001). Similarly, DNA methylation is also in-
volved in mediating "parent-of-origin" effects, in which
a phenotype is transmitted only through one of the
gametes regardless of the presence of a wild type allele
in the other gamete. In Arabidopsis, distinct pheno-
types are obtained in reciprocal crosses between hypo-
methylated and wild type plants (Vinkenoog et al.,
2000). When crossed with wild type pollen, hypomethy-
lated seed parents generate larger seeds in the off-
spring, phenocopying interploidy crosses in which a
diploid seed parent is crossed with pollen from a tetra-
ploid plant. Smaller seeds are produced in the recipro-
cal crosses (Adams et al., 2000; Vinkenoog et al., 2000).
Furthermore, hypomethylated pollen is able to rescue
maternal gametophytic mutations that affect seed de-
velopment (Vielle-Calzada et al., 1999; Luo et al., 2000;
Vielle-Calzada et al., 2000; Guitton et al., 2004). In
sexual plants, the correct balance of maternal and
paternal genomes is necessary for proper gene expres-
sion enabling normal development. In some plants, a
2:1 maternal-to-paternal genome ratio is essential for
normal endosperm development, and if it is altered it
affects embryo viability (Haig and Westoby, 1991;
Adams et al., 2000). In sexual plants, genomic imprint-
ing seems to be restricted to the central cell of the
female gametophyte, thus associated with endosperm
development (Gehring et al., 2004). Activation of the
maternally expressed genes MEDEA (Choi et al., 2002;
Xiao et al., 2003) and FWA (Kinoshita et al., 2004)
occurs during female gametogenesis by the activity of
a DNA glycosylase, DEMETER (DME). DME is acti-
vated in the central cell before fertilization. After fer-
tilization it is down-regulated, but both MEA and FWA
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expression continue even in the absence of DME. The
absence of DME expression in stamens suggests that
expression of MEA and FWA in the female gameto-
phyte is largely due to the activation of DME; its
absence in the male gametophyte would result in si-
lencing of MEA and FWA (Gehring et al., 2004). Addi-
tionally, mutations in MET1 supress the dme seed
abortion phenotype restoring MEA expression, sugges-
ting that DNA methylation has to be removed from
MEA by DME (Xiao et al., 2003). Futhermore, MEA
controls the expression of the MADS-box gene
PHERES1 (PHE1) by repressing transcription of the
maternal allele, whereas the paternal allele of PHE1
is normally expressed (Köhler et al., 2005). 

Taken together, these results indicate that DNA
methylation and chromatin modifications are actively
modified in particular genes to control genomic im-
printing. DNA methylation patterns are differentially
established during male and female gametogenesis,
and when the two gametes combine during sexual
reproduction, these differences interact to control gene
expression programs for proper seed development. In
certain apomictic plants such as Hieracium sp., seed
development is completely autonomous (Koltunow et
al., 1998). It would be interesting to examine whether
the bypass of the imprinting barrier is related to alter-
ations of DNA methylation patterns and/or altered
function of the epigenetic regulators that control endos-
perm development, such as DME. 

DNA methylation and transposon silencing

DNA methylation has also been shown to be involved
in silencing the activity of transposable elements in
both plants and animals. Due to the widespread dis-
tribution of transposons in eukaryotic genomes and
their potential to promote genomic rearrangements if
activated, this function of DNA methylation has been
attributed to maintaining genomic stability. In plants,
transposon silencing can be reversed under certain
types of stress, such as genomic stress imposed after
hybridization between different genomes (Kashkush et
al., 2003) or physiological stress, for example reduced
temperature, in which an association with DNA methy-
lation was established (Hashida et al., 2003). Transpo-
son sequences can also attract epigenetic modifications
that silence gene expression when inserted in the
proximity of genes (Lippman et al., 2004). In this
scenario, transposons can be a source of adaptive vari-
ability in response to different types of stress, mediat-
ing alterations in gene expression through epigenetic
mechanisms. Furthermore, transposable elements can
function as regulatory elements for host gene expres-
sion. Recent findings in mouse oocytes have shown that
retrotransposons are expressed abundantly, and that
this expression is developmentally regulated, appar-
ently due to the presence of transcription sites within

the retrotransposon sequence (Peaston et al., 2004).
This leads to the expression of chimeric transcripts
with altered exon composition, possibly encoding pro-
teins with alternative functions (Peaston et al., 2004).
However, the developmental significance of this control
has yet to be demonstrated. 

HISTONE MODIFICATIONS AND PLANT DEVELOPMENT

Histone acetylation

The most common sites for histone acetylation are lysine
residues, and the overall effect of acetylation on local
nucleosome structure is probably to reduce interaction
with the negatively charged DNA molecule, making the
DNA more accessible to the transcriptional machinery
(Strahl and Allis, 2000). Conversely, histone deacetyla-
tion, promoted by histone deacetylases (HDs), would
make chromatin more condensed (Strahl and Allis, 2000).
Histone deacetylation is linked to DNA methylation. In
mammalian cells, methylated DNA is recognized by
methyl DNA-binding proteins (MBP), which in turn in-
teract with HDs (Nan et al., 1998). 

There are several classes of HDs in both plants and
animals, suggesting divergence in function and/or sub-
strate specificity (Pandey et al., 2002). In plants, func-
tional analysis of a class I-type RPD3/HDA1 enzyme
by an anti-sense strategy in Arabidopsis showed vari-
ous developmental defects, including flower defects
and male and female sterility (Tian and Chen, 2001).
This particular HD class is common to both plant and
animals. Plants have a unique family of histone deacety-
lases termed HD2 (Wu et al., 2000; Pandey et al., 2002;
Lagace et al., 2003; Zhou et al., 2004). Down-regulation
of the HD2 family member HD2a by an anti-sense
strategy leads to seed abortion (Wu et al., 2000). Fur-
thermore, somatic and zygotic embryo development
induces the expression of HD2a, Hd2b and HD2c, and
over-expression of HD2a leads to the repression of
seed-specific genes (Lagace et al., 2003; Zhou et al.,
2004). These data suggest that the HD2 family may
have evolved functionally in plants to control gene
expression during seed development.

Histone methylation

The major sites for histone methylation are lysine
residues. Histone methyltransferase activity has been
associated largely with the presence of a conserved SET
domain, named after the Drosophila PcG proteins
SU(VAR)3–9, ENHANCER OF ZESTE (E(Z)) and TRI-
THORAX (TRX), all of which mediate epigenetic pro-
cesses during Drosophila development (Adams et al.,
2000; Francis and Kingston, 2001). In Arabidopsis
there are 29 expressed SET domain-containing pro-
teins, divided into four classes according to their Dro-
sophila counterparts E(z), Trx, Ash1 and Su(var)3–9,

42 Rodrigues and Koltunow



suggesting functional diversity and preferences for cer-
tain lysine residues (Baumbusch et al., 2001). 

A close relationship between histone methylation
and DNA methylation has been reported in plants.
Mutations in KRYPTONITE (KYP), a gene of the
Su(var)3–9 family, lead to a loss of DNA methylation
at CpNpG sites, consistent with loss of CHROMO-
METHYLASE (CMT3) activity (Johnson et al., 2002).
It was further shown that the chromodomain of CMT3
binds to histone 3 methylated at lysines 9 and 27,
providing a mechanism by which histone methylation
directs DNA methylation (Johnson et al., 2002; Jack-
son et al., 2004; Lindroth et al., 2004). 

The large variety of histone methyltransferases in
Arabidopsis suggests that they are involved in various
aspects of plant development. KYP was originally
identified as a suppressor of the clark kent alleles of
SUPERMAN, a gene involved in defining floral home-
otic gene expression boundaries (Sakai et al., 1995).
The clark kent alleles are silenced by DNA methylation,
leading to the production of more stamens and unfused
carpels (Jacobsen and Meyerowitz, 1997). In Arabidop-
sis there are three E(Z) homologues, CURLY LEAF
(CLF), SWINGER (SWN) and MEDEA (MEA), which
are all involved in repressing gene expression of differ-
ent processes of plant development. CLF and SWN are
involved in epigenetic gene regulation of flower devel-
opment, whereas MEA is involved in repressing endo-
sperm development in the absence of fertilization (for
review: Hsieh et al, 2003). Another PcG protein, the
Su(z)12 homologue VERNALIZATION2 (VRN2), medi-
ates FLC repression by promoting H3K27 methylation
(Bastow et al., 2004; Sung and Amasino, 2004). 

Present data on the activity of chromatin remodell-
ing factors in plants are consistent with the histone code
hypothesis, in which histone and DNA modifications
interact to reinstate control of the local chromatin con-
figuration in the genome. It is becoming clearer that
epigenetic modification is an essential mechanism regu-
lating gene expression patterns in plant development.

 FIS-CLASS GENES 
AND SEED DEVELOPMENT

The importance of chromatin modifications in the con-
trol of gene expression during plant reproduction has
been shown by the isolation of several mutants that
have abnormal seed development phenotypes. Some of
these mutations have been shown to affect the function
of chromatin remodelling genes encoding homologues
of the Polycomb Group-like proteins, called FERTILI-
ZATION INDEPENDENT SEED (FIS) or FIS-class
genes in Arabidopsis (Luo et al., 1999; Ohad et al.,
1999). Maternally inherited mutations in FIS-class
genes initiate endosperm development without the
double fertilization event. If fertilization occurs, there

is arrest of seed development characterized by overpro-
liferation in endosperm development and an arrested
heart-stage embryo (Ohad et al., 1996; Chaudhury et
al., 1997; Grossniklaus et al., 1998; Luo et al., 2000).
The FIS-class genes encode homologues of the Poly-
comb Group (PcG) proteins from Drosophila. FIS1 or
MEA are closely related to the SET-domain protein
E(Z), FIS2 is a zinc finger protein related to SUP-
PRESSOR OF ZESTE12 (SU(Z)12), and FIS3 (or FIE)
is related to ESC (Grossniklaus and Schneitz, 1998;
Luo et al., 1999; Ohad et al., 1999). The expression
patterns for known FIS-class genes overlap. FIS2 is
expressed in both polar nuclei before they fuse, and
continues until cellularization of the endosperm in-
itiates; there it is restricted to the chalazal cyst (Luo
et al., 2000). MEA expression also initiates in the
female gametophyte before fertilization, where tran-
scripts were detected in the nucleus of the egg cell and
central cell, and, like FIS2, continued until cellularization
of the endosperm where it was restricted to the chalazal
cyst (Vielle-Calzada et al., 1999; Luo et al., 2000). MEA
was also detected in the embryo until torpedo stage
(Vielle-Calzada et al., 1999). FIE expression can be de-
tected early in the ovule primordium, continuing
throughout megagametogenesis, and at embryo sac ma-
turity it is present in the endothelium and nucellus and
all cells of the embryo sac (Spillane et al., 2000). After
fertilization, FIE expression was observed in both the
embryo until torpedo stage and in endosperm, where it
persisted after cellularization (Luo et al., 2000; Spil-
lane et al., 2000). The expression pattern for MEA,
FIS2 and FIE is consistent with a function in control-
ling early events of seed development (Spillane et al.,
2000; Grossniklaus et al., 2001).

Other mutants with fis-like phenotypes have been
identified recently (medicis and borgia; Guitton et al.,
2004). MEDICIS was shown to be an orthologue of the
yeast MULTICOPY SUPPRESSOR OF IRA (MSI1)
and the retroblastoma-binding protein p55 of Droso-
phila. p55 interacts with ESC and E(Z) and histone
deacetylase, thus providing a direct link between PcG
function and chromatin modifications (Tie et al., 2001).
This interaction has been conserved in plants, as MSI1
was shown to interact with FIE and MEA (Khler et al.,
2003a). The molecular identity of BORGIA is unknown
(Köhler et al., 2003a; Guitton et al., 2004). 

The Drosophila and human orthologues of PcG
genes interact with and are controlled by retinoblasto-
ma proteins, a tumor suppressor involved in the G1/S
transition of cell cycle progression (Pasini et al., 2004).
Plant homologues of retinoblastoma-related proteins
also control cell proliferation in the female gameto-
phyte, and mutants show fis-related phenotypes, sug-
gesting that retinoblastoma-mediated control of PcG
activity also occurs in plants (Ebel et al., 2004). The
biological function of these genes is consistent with
their playing a role in proliferation and patterning
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defects of the fis phenotypes seen in Arabidopsis. Poss-
ibly these proteins form a complex conserved
throughout evolution because of their important
roles in controlling development. Plant retinoblasto-
ma-related proteins have been shown to interact
with both MSI1 and FIE, further supporting a role
in the control of cell proliferation and differentiation
in response to fertilization (Ach et al., 1997; Mosquna
et al., 2004).

In plants, a target gene of the FIS complex has
been isolated, the class I MADS-box gene PHERES
(PHE1) (Köhler et al., 2003b). In wild type plants,
PHE1 expression was detected after fertilization
until the pre-globular stage of development and sub-
sequently down-regulated by late globular stage,
whereas in mea and fie mutants, PHE1 expression
persists until late globular stage. By silencing PHE1
expression in the mea mutant background, the seed
abortion phenotype is rescued, thus suggesting that
PHE1 is probably linked to this phenotype in the
mutant (Köhler et al., 2003b). Both MEA and FIE are
capable of binding to the promoter of PHE1, consist-
ent with their role in controlling PHE1 expression. It
is still unclear how fertilization activates PHE1 ex-
pression, as are the mechanisms by which MEA and
FIE are recruited to PHE1 promoter. Isolation of PHE1
as a target of plant PcG complex, and its deregulation
in the fis mutants associated with the seed abortion
phenotype, suggest that epigenetic repression of gene
expression is an essential component of sexual seed
development (Köhler et al., 2003b).

FIS-CLASS GENES AND DNA METHYLATION

A genetic interaction between the FIS genes and DNA
methylation has been shown by the observation that
pollen from a hypomethylated plant can rescue the fis
phenotype, independent of FIS function (Vielle-Calza-
da et al., 1999; Luo et al., 2000; Vinkenoog et al., 2000).
Unlike other fis mutant backgrounds, hypomethylated
pollen does not restore the expression of an endosperm-
specific marker in fie and msi1 mutants, although seed
rescue still occurs, indicating that seed rescue can
occur through alternate pathways (Guitton et al.,
2004). Additionally, by combining a hypomethylated
genomic background and the fie mutant, the phenotype
is altered, and fertilization-independent endosperm de-
velops further to produce cellularized and differen-
tiated endosperm, in contrast to the phenotype of the
fie mutation in a normally methylated background,
when development arrests before cellularization (Vin-
kenoog et al., 2000). It has also been shown that re-
pression of PHERES expression, which is necessary for
normal seed development and lost in the mea mutant,
can be restored when crossed to a hypomethylated
DNA background (Köhler et al., 2003b). Together
these findings indicate that DNA methylation inter-

acts with PcG complex function to control seed devel-
opment, and that alterations in gametophytic DNA
methylation have profound effects on seed formation.
Interestingly, in mammalian cells, the DNA methyl-
transferase DNMT1 is present in a complex with reti-
noblastoma protein and histone deacetylase
(Robertson et al., 2000); this has not yet been deter-
mined in plants.

IS APOMIXIS EPIGENETICALLY
REGULATED?

FIS GENES AND THE INITIATION OF APOMIXIS

Expression analysis of Arabidopsis FIS promoter::GUS
fusions in sexual and apomictic Hieracium plants
showed a conserved pattern in both plants during later
events, suggesting that sexual and apomictic reproduc-
tion are closely related (Tucker et al., 2003). However,
the AtFIS2::GUS expression pattern occurred earlier
in ovule development in Hieracium than in Arabidop-
sis. Furthermore, the pattern of AtFIS2::GUS was also
spatially shifted in two different apomictic species,
compared to the sexual plant. In sexual plants,
AtFIS2::GUS expression was restricted to the three
megaspores destined to degenerate, and was absent in
the selected spore and surrounding nucellar epidermis.
In apomicts at the time of aposporous initial enlarge-
ment, AtFIS2::GUS expression was found in all four
megaspores and in the surrounding nucellar epidermis
enveloping them. These are cells that are destined to
degenerate. Expression was absent in the aposporous
initials as well as in the functional megaspore in the
sexual plant until their nuclei divided (Tucker et al,
2003). FIS2 belongs to a family of genes that includes
EMBRYONIC FLOWER2 (Yoshida et al., 2001) and
VERNALIZATION2 (Gendall et al., 2001), both of
which are involved in epigenetic control of flowering.
The earlier expression of AtFIS2:GUS in Hieracium
may reflect a different function for this gene in Hier-
acium relative to that in Arabidopsis, which may have
enabled the development of apomixis (Eckhardt, 2003).
The pattern shift in AtFIS2:GUS expression at apo-
sporous initial cell differentiation in Hieracium may be
caused by signals emanating from the AI, or may be a
consequence of AI differentiation. To investigate this
further, it will be necessary to identify the cis-regula-
tory elements required for the spatial shift of
AtFIS2:GUS expression, and to identify factors in Hier-
acium that interact with these sequences. Isolation of
a Hieracium FIS2 orthologue would enable dissection
of its role in apomictic development. 

FIS complex and autonomous seed development

In sexually reproducing plants, the MEA/FIS2/
FIE/MSI1/RBR complex appears to be involved in re-
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pression of endosperm development in the absence of
fertilization, probably by preventing transcription of
PHERES1 and other target genes (Köhler et al.,
2003b). The molecular cues by which fertilization alters
the function of the complex is still unknown. The ob-
servation that cellularized, differentiated endosperm
can develop in the absence of fertilization when com-
bining DNA hypomethylation and fie mutant back-
ground in sexual plants (Vinkenoog et al., 2000) leads
to speculation that DNA methylation may be involved
in autonomous endosperm development. The embryo-
like phenotypes of msi1 and rbr mutants futher point
to their possible role in parthenogenetic embryo devel-
opment in apomicts. An attractive model can be envis-
aged in which aberrant chromatin modification marks
in key regulatory genes would alter their temporal and
spatial expression patterns, leading to complete mater-
nal control over reproduction, or autonomous develop-

ment (Fig. 3). Due to the association of fis phenotypes
with apomictic development, candidates for such key
regulatory genes are chromatin-remodelling proteins.
In this model, defects or untimely expression of these
epigenetic regulators could lead to misexpression of the
target genes that normally control seed development
in response to fertilization. 

EPIGENETIC ASPECTS OF APOMICTIC DEVELOPMENT

There are several lines of evidence that suggest a
relationship between epigenetic regulation and apo-
mictic development. Apomixis is not as tightly regu-
lated as the sexual process. Variability in devel-
opmental timing and development exists even within
a vegetatively propagated apomictic plant (Koltunow
et al., 2000). The diploid apomictic Hieracium pilosel-
loides shows an array of developmental variations,

Fig. 3. Model for the role of epigenetic regulation in apomixis. A change in chromatin modifications controlling the genes
required for female gametogenesis might cause ectopic induction of the mitotic events of female gametophyte development.
In apomictic plants, these epigenetic changes might lead to the production of a functional, unreduced gametophyte with the
capacity to enable autonomous development of the central cell and egg cell. Altered regulation of the FIS complex might be
one way this is achieved. In apomicts, the "reprogrammed" complex might retain the cellular memory of the reproductive cell
program, with additional features allowing autonomous seed development to occur. MMC – megaspore mother cell; e – embryo;
en – endosperm (ploidy of endosperm in apomicts is dependent on fertilization of the central cell or the mode of apomixis).
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producing an additional form of apomixis, adventi-
tious embryony. Germinated seedlings vary widely
in morphology and are often abnormal, yet as they
grow they regain a normal growth pattern (Koltunow
et al., 2000).

Autonomous endosperm development in the apo-
mictic Hieracium piloselloides is initiated with irregu-
lar and rapid cell division patterns, with nuclei
migrating in patterns that differ from the early divi-
sions of fertilization-derived endosperm in the sexual
plant. These aberrant early divisions resemble those
seen in plants with defects in FIS-class genes. The later
nuclear endosperm divisions in the apomict resemble
those of the fertilization-induced sexual plant, indicat-
ing reversion to a normal growth pattern of endosperm
development (Tucker, 2003). Developmental variation
in a single genetic background and abnormal growth
patterns that revert to normal are often hallmarks of
epigenetically regulated processes, where epimuta-
tions deregulate the timing of expression of develop-
mental genes.

If epigenetic modifications are involved in apo-
mixis, how might altered epigenetic marks such as
DNA methylation arise and be maintained? The
genetic and molecular characteristics of DNA hypo-
methylation mutants suggest that disturbing the
maintenance methylation machinery leads to the accu-
mulation of altered methylation states that are not
reset even after the genetic components are restored
(Kakutani et al., 1996; Jedelloh et al., 1998; Saze et al.,
2003). In these mutants, hypomethylated states at
specific loci could coexist with methylated loci, thus
generating epigenetic variation (Saze et al., 2003).
Apomixis could have arisen through perturbation of
the DNA methylation machinery, such as observed in
ddm mutants (Jeddeloh et al., 1999), which would lead
to the accumulation of epimutations, causing misex-
pression of key developmental genes. Alternatively,
naturally occurring epimutations due to environmen-
tal stress or hybridization would cause altered expres-
sion of the genes that control the reproductive pathway,
leading to apomixis. Key epimutations would be main-
tained through DNA replication by maintenance DNA
methyltransferases. 

The recent association of many transposable ele-
ments at a locus that confers apomixis in the grass
species Pennisetum sp. (Labombarda et al., 2002;
Akiyama et al., 2004) also may suggest that altered
DNA methylation might be involved in controlling the
chromatin configuration and the expression of genes
leading to the manifestation of apomixis. Interestingly,
a surge of transposon activity at the time of apomictic
initiation is observed in Hieracium, and this activity
decreases in mutant plants that have lost the capacity
for apomixis (Ross Bicknell, personal communication).
It remains unclear whether these levels of transposon
activity are of functional significance for apomictic

development or, indeed, what role alterations in trans-
poson activity might have in regulating apomixis. In
light of the information described above, it is tempting
to speculate that transposons might be inserted in key
epigenetic regulator(s) of sexual reproduction in apo-
mictic plants; this could deregulate expression of the
sexual developmental program in space and time. It
has been shown that the expression of transposable
elements can lead to inappropriate expression of neigh-
boring genes (Lippman et al., 2004; Peaston et al.,
2004). Alternatively, if a defect in the RNAi silencing
machinery deregulates the expression of genes control-
ling sexual reproduction in apomictic plants, then the
transposon activity observed would be mostly an effect
rather than a cause of apomixis. 

In spite of indirect evidence relating DNA
methylation, chromatin remodelling genes and apo-
mixis, molecular evidence that directly shows a sig-
nificant association between epigenetic regulation
and apomixis is lacking. This complex issue can be
approached in many different ways. Isolation of FIS
orthologues in apomictic plants would be a first step
toward elucidating their expression and function in
sexual and apomictic reproductive pathways. More-
over, if DNA methylation is indeed involved in control-
ling the expression of genes involved in apomictic
development, altering methylation levels during key
stages of apomictic reproduction could identify the
stages in which this epigenetic mark is important.
Patterns of DNA methylation in specific genes can also
be investigated to identify possible differences between
apomictic and sexual plants throughout ovule develop-
ment. 

CONCLUDING REMARKS

Epigenetic regulation provides a way to achieve
variability and adaptive advantages without alter-
ing DNA sequences. The generation of epialleles can
alter the timing of expression of key genes control-
ling cellular or physiological processes during plant
development. Inheritance of such adaptive epial-
leles could provide increased fitness in certain con-
ditions, and the potential reversibility of these
changes could also be a source of adaptive flexibility.
Identification and functional analysis of several epi-
genetic regulatory factors involved in gametophyte
and seed development have confirmed a role for
epigenetic regulation in the control of sexual plant
reproduction. These factors can set heritable pat-
terns that control gene activity over space and time,
and thus cell fate. By isolating these factors and
examining their function during apomictic develop-
ment, it will be possible to verify whether epigenetic
regulatory mechanisms are involved in apomictic
reproduction. 
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