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SUMMARY

Sexual reproduction and seed formation strongly contributed to the evolutionary
success of flowering plants. These processes involve the generation of gametes by the
female and male gametophytes and transport of male sperm cells to the female
gametophyte. During double fertilization two sperm cells fuse with the egg and the central
cell, leading to the initiation of seed formation. Developing seeds contain the embryo
surrounded by nourishing endosperm tissue and surrounded by the protective seed coat.
While the endosperm is utilized by the expanding embryo as a nutrient source and the
seed coat cells undergo cell death during seed maturation, the embryo is a developing
organism of the following generation. In the absence of fertilization, the female
gametophyte with surrounding maternal tissues does not form a seed but degenerates
within a few days. This ensures that no assimilates are invested in the formation of a seed
that would not fulfill its role in reproduction. Development of the seed that consists of the
maternal diploid seed coat, the ephemeral, sexually derived triploid endosperm and the
diploid organism of the next generation, require tight regulation of gene activity during
their coordinated growth.

Polycomb Group (PcG) proteins are involved in the transcriptional repression of
target genes by specific chromatin modifications, changing accessibility of the locus to the
transcriptional machinery. PcG proteins are conserved in animals and plants. In plants,
they control an array of developmental processes like flowering time determination,
vernalization, and flower organ development. They also actively participate in the
development of the seed regulating divisions of the central cell and cellularization of the
endosperm. PcG proteins in Arabidopsis form at least three Polycomb Repressive
Complexes (PRC2) with partially redundant function between their homologous subunits.
The activity of the Fertilization Independent Seed (FIS) PRC2 complex is restricted to the
female gametophyte and developing endosperm. Lack of any FIS complex subunit causes
defects in endosperm development, leading to seed abortion. Moreover, in the absence of
fertilization fis mutants autonomously initiate development of seed like structures
containing autonomous endosperm, but no embryo.

In my work | addressed the question whether differences in the penetrance of the
Fertilization Independent Seed (FIS) phenotype between FIS complex subunits results from

redundant action of their homologous genes. | could demonstrate that there is no



redundancy between the FIS2 gene and its homologs but demonstrated that the
differences in the phenotype between different fis mutants results from malfunction of FIS
complex subunits that play an additional role in sporophytic tissues of the surrounding
integuments.

| discovered that decreased level of PcG proteins in the integuments cause
initiation of their differentiation into seed coat, revealing that PcG proteins not only
repress divisions of the central cell but also development of the seed coat in the absence
of fertilization. Subsequent analysis of autonomous seeds revealed that the difference in
penetrance of the FIS phenotype between FIS complex subunits is additionally
accompanied by a difference in seed coat development. While mutants of FIS complex
components that have an additional function in sporophytic tissues developed a normal
seed coat, mutants of FIS complex components that function specifically in the female
gametophyte did not develop a seed coat and the integuments degenerated. Moreover, |
could directly show that seed coat development is initiated as a response to the
developing endosperm what most probably encompass mobile signal formation and
transmission to the ovule integuments. Therefore, | propose that only the sexual, but not
the autonomous endosperm forms a signal necessary for seed coat formation and the
need for this signal is bypassed in mutants with lowered dosage of PcG proteins in the
integuments.

Although the nature of the signal remains undiscovered, | found the endosperm-
specific MADS box protein AGAMOUS LIKE 62 (AGL62) being involved in the process of
signal formation. Fertilized agl62/- mutant seeds develop endosperm and embryo but fail
to develop a seed coat, implicating that the seed coat initiation signal is absent in agl/62.
Inevitably, future work will focus on the elucidation of the signal that drives seed coat

formation.



ZUSAMMENFASSUNG

Sexuelle Reproduktion und Samenbildung waren entscheidend fir den evolutionaren
Erfolg von blihenden Pflanzen. Sexuelle Reproduktion in Blitenpflanzen beinhaltet die
Bildung von Gameten durch weibliche und mannliche Gametophyten und den Transport
von mannlichen Spermazellen in den weiblichen Gametophyten. Wahrend der doppelten
Befruchtung fusionieren zwei Spermazellen mit der Eizelle und der Zentralzelle und
initileren den Beginn der Samenbildung. Der sich entwickelnde Samen beinhaltet den
Embryo, umgeben vom nahrenden Endospermgewebe und umhiillt von der schiitzenden
Samenhiille. Wahrend das Endosperm als Nahrungsquelle dient, um das Wachstum des
Embryos zu ermoglichen, wird die Samenhiille wahrend der Samenreifung dem Zelltod
unterworfen. Somit ist nur der Embryo ein sich entwickelnder Organismus der nachsten
Generation. Ohne Befruchtung entwickelt sich kein Samen aus dem weiblichen
Gametophyten, und dieser degeneriert innerhalb von wenigen Tagen. Dadurch wird
sichergestellt, dass keine Nahrstoffe verschwendet werden fiir Samen, die ihre
reproduktive Rolle nicht erflllen kénnen. Die koordinierte Entwicklung der Samenschale,
des Endosperms und des Embryos verlangt eine streng kontrollierte Regulation der
Genaktivitat dieser drei Komponenten.

Polycomb Gruppen (PcG) Proteine regulieren die transkriptionelle Repression von
Zielgenen durch spezifische Chromatinmodifikationen, welche die Zuganglichkeit der
Transkriptionsmaschine verdandert. PcG Proteine sind in Tieren und Pflanzen konserviert. In
Pflanzen  kontrollieren sie eine Reihe von  Entwicklungsprozessen, wie
Blihzeitdetermination, Vernalisation und die Entwicklung von Bliitenorganen. Sie sind
ebenfalls an der Entwicklung von Samen beteiligt, wie bei der Regulation der Teilung der
Zentralzelle und der Zellularisierung des Endosperms. PcG Proteine in Arabidopsis bilden
mindestens drei Polycomb Repressive Komplexe (PRC2) mit teilweiser redundanter
Funktion  zwischen den  homologen  Untereinheiten. Die  Aktivitdit des
befruchtungsunabhangigen Samen (FIS) PRC2 Komplex ist begrenzt auf den weiblichen
Gametophyten und das sich entwickelnde Endosperm. Das Fehlen einer FIS Komplex
Untereinheit fihrt zu Defekten in der Endospermentwicklung und zum Abbruch der
Samenentwicklung. Zudem initiieren nicht befruchtete fis Mutanten die Entwicklung von
samenartigen Strukturen, die ein autonomes Endosperm aber keinen Embryo enthalten.

In meiner Arbeit ging ich der Frage nach, ob der Unterschied in der

befruchtungsunabhangigen Samenbildung in verschiedenen fis Mutanten von der
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redundanten Wirkung der homologen Gene resultiert. Ich konnte zeigen, dass FIS2
homologe Gene nicht redundant sind. Weiterhin konnte ich zeigen, dass der Unterschied
im Phanotyp zwischen verschiedenen fis Mutanten dadurch erklart werden kann, dass
einige FIS Untereinheiten eine zuséatzliche Rolle im sporophytischen Gewebe haben, das
die Integumente und spater die Samenschale bildet.

Ich konnte zeigen, dass eine verringerte Dosis von PcG Proteinen in den Integumenten zur
Initiierung der befruchtungsunabhangigen Samenschalenbildung fiihrt. Diese Daten
zeigen, dass PcG Proteine nicht nur die autonome Teilung der Zentralzelle unterdriicken,
sondern auch die befruchtungsunabhangige Entwicklung der Samenschale. Darliber hinaus
konnte ich zeigen, dass die Entwicklung der Samenschale eine Antwort des sich
entwickelnden Endosperms ist, welche hochstwahrscheinlich eine mobile Signalbildung
und Transmission zu den Ovulintegumenten beinhaltet. Diese Daten bilden die Grundlage
fiir ein Modell, in dem ich postuliere, dass nur das sexuelle, aber nicht das autonome
Endosperm ein Signal bildet, welches fiir die Bildung der Samenschale nétig ist. Obwohl ich
das Signal nicht identifizieren konnte, habe ich zeigen kénnen, dass das endosperm-
spezifische MADS-box Protein AGAMOUS Like 62 (AGL62) in den Prozess der Signalbildung
involviert ist. Befruchtete agl62/- Mutante Samen entwickeln ein Endosperm und einen
Embryo, bilden aber keine Samenschale. Dies impliziert, dass das Signal fiir die Bildung der
Samenschale in agl62 nicht vorhanden ist. Zuklnftige Arbeiten werden sich auf die

Aufklarung des Signals fokussieren, welches zur Bildung der Samenschale nétig ist.
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1. INTRODUCTION

1.1. Ovule and Female Gametophyte Development

The plant life cycle is divided into two subsequent phases: the diploid sporophytic and
haploid gametophytic phase. In flowering plants, the prominent sporophyte supports the
discreet gametophytic generation developing after meiosis in male and female floral
organs.

Arabidopsis ovules initiate as a finger-like structures emerging from the carpel margin
meristems at around floral stage 9 (Smyth et al., 1990; Robinson-Beers et al., 1992). They
quickly differentiate to three distinguishable zones along the proximal-distal axis. Most
proximally located is the funiculus that connects the ovule to the mother plant, the
centrally located chalaza gives rise to the ovule integuments and in the most distally
located nucellus a single cell differentiates into a megaspore mother cell (MMC). In most
flowering plants only one somatic cell differentiates into a MMC, although more nucellar
cells have this potential. Restriction of MMC fate in the surrounding cells involves non-cell-
autonomous signaling via the small interfering RNA (siRNA) pathway. Disruption of this
pathway in sporophytic cells surrounding the gametic lineage by mutations in AGO9
(ARGONAUTE 9) leads to the differentiation of multiple gametic cells that are able to
initiate gametogenesis (Olmedo-Monfil et al., 2010).

The differentiated MMC undergoes meiosis giving rise to a tetrad of haploid
megaspores. Only one of them, the functional megaspore (FM), survives, differentiates
and develops into the female gametophyte (FG), while the three other meiotic products of
MMC division undergo programed cell death (PCD) (Rodkiewicz, 1970; Papini et al., 2011).
Selection of the functional megaspore is assumed to be based on the interaction with
surrounding nucellar cells by existing plasmodesmata connections and positional
information, as it is only the most proximal (chalazal) megaspore that does not undergo
PCD.

The functional megaspore enlarges and its nucleus undergoes three rounds of mitotic
divisions without cytokinesis, resulting in the formation of an eight-nucleated embryo sac.
Four nuclei on both poles are separated by a large central vacuole. One nucleus from the
distal pole migrates towards the proximal pole, where together with one nucleus from the
chalazal pole it forms a pair of two nuclei, called polar nuclei. These nuclei fuse together

into one diploid central cell nucleus.
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Figure 1-1. Female gametophyte development. Meiosis of the megaspore mother cell
produces four haploid spores. Three of them degenerate and one develops into the
functional megaspore. During development, three rounds of mitosis form two clusters of
four nuclei at the two ends of the female gametophyte. Nuclei migration and
cellularization generates seven cells: one egg cell and two synergid cells which form the
egg apparatus at the micropylar end, and three antipodal cells at the chalazal end. In the
large central cell, two polar nuclei migrate towards the center and fuse together forming
the homodiploid central cell nucleus. Adapted from www.connect.in.com.

The syncytial phase of embryo sac development results in the formation of one big
cell containing eight nuclei. After the process of their positioning, the syncytium
cellularizes. Because features of cell identity are detectable immediately after
cellularization, it was suggested that cell fates are programmed even before the process of
cellularization starts and that the decision about cell fate is determined by positional
information in the syncytium. An auxin gradient is formed along the proximal-distal axis in
maturating female gametophyte with higher auxin concentrations on the proximal
micropylar pole causing cells to acquire synergid and egg cell fate. Ectopic expression of
genes responsible for auxin biosynthesis in the whole female gametophyte strongly
affected wild-type hormone distribution causing many egg and antipodal cells to express
synergid specific marker (Pagnussat et al., 2009).

The female gametophyte is the haploid generation with its main function to form
female gametes and to attract the pollen tube. In Arabidopsis the mature FG is reduced to
seven cells that are protected by the maternal sporophytic tissues of the ovule and thick
walls of the ovary (carpels). Egg cell and central cell are two fertilization competent cells
and therefore called gametes. The egg cell together with two synergid cells form the egg
apparatus that is located at the micropylar end of the embryo sac. This region is
penetrated by the pollen tube upon fertilization. The synergid cells produce an attractant
that guides the elongating pollen tube to the FG. Laser ablation of synergid cells in the in

vitro Torenia fournieri system caused failure of pollen tube attraction and fertilization
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(Higashiyama et al., 2001), revealing an essential role of synergid cells in pollen tube
attraction. The opposite pole of the embryo sac is occupied by antipodal cells. Whereas
Arabidopsis and many other flowering plants contain three antipodals, in several grasses
the antipodals proliferate resulting in up to several hundred cells. However, their function
is not well understood. In Arabidopsis antipodal cells undergo programmed cell death prior
FG maturation and do not participate in the fertilization process. In contrast, in some other
species (e.g. grasses) they persist throughout seed development (Williams and Friedman,

2004).

Figure 1-2. Schematic representation of the Arabidopsis ovule (A) and female
gametophyte (B), adapted from (Drews and Yadegari, 2002). View in (B) is perpendicular to
that in (A). Within the female gametophyte, the gray areas represent cytoplasm, the white
areas vacuoles, and the black areas nuclei. Abbreviations: ac, antipodal cells; cc, central
cell; ch, chalazal region; ec, egg cell; f, funiculus; mp, micropyle; sc, synergid cell; sn,
secondary nucleus.

The middle part of the embryo sac is occupied by the homodiploid central cell. The
large central vacuole is a specific feature of this cell. The central cell is highly polarized and
its nucleus is localized at the micropylar pole, in the proximity to the egg cell, where it

meets one of the sperm cells upon fertilization.

1.2. Integument Development

The developing female gametophyte is protected by two ovule integuments. They
initiate their growth in a sequential manner from the chalaza, a part of ovule primordium

localized between funiculus and nucellus. The inner integument initiates through a series
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of cell divisions in the epidermal layer of the chalaza. It forms a ring-like rim that delimits
the nucellus, the distal part of the ovule primordium. Subsequently growth of the outer
integument is initiated in a similar manner. The outer integument overtakes and covers
the inner integument and the nucellus containing the developing FG (Robinson-Beers et
al.,, 1992). Unequal growth of the outer integument causes the ovule to bent, since
mutants that lack or are affected in its development (e.g. inner no outer) do not bend like
wild type ovules (Baker et al., 1997). The resulting anatropous ovule morphology is the
most common type among angiosperms, in which the micropyle is adjacent to the

funiculus.

f-oi

Figure 1-3. Depiction of integuments/seed coat layers adapted from (Lepiniec et al., 2006).
Abbreviations: iil, iil’, ii2, three layers of the inner integument; oil, 0i2, two layers of the
outer integument; EM, embryo; CV, central vacuole; F, funiculus; M, micropyle; S,
suspensor; CEC, chalazal endosperm cyst; PE, peripheral endosperm; VB, vascular bundle.

Both, inner and outer integuments consist of two cell layers, with the most inner
layer of the inner integument being capable of one additional periclinal division. Division
of this layer produces another, third layer of the inner integument, so that mature
Arabidopsis integuments have five cell layers. Their growth continues until the whole
nucellus harboring FG becomes enclosed. The growth terminates in the apical end where
expanding integuments meet and leave a small opening called micropyle. The micropyle is

used during fertilization by the elongating pollen tube to enter the ovule and to reach the
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female gametophyte. The bent morphology of the ovule ensures positioning of the
micropyle close to the funiculus and placenta where the pollen tube leaves the
transmitting track.

The FG does not develop in the aintegumenta mutant that fails to form
integuments, implicating that integuments are necessary for FG development (Elliott et al.,
1996). Conversely, integument growth seems not to require a functional FG as the
sporocyteless mutant (Yang et al., 1999) and triple mutants of cytokinin receptors cre1-12
(CYTOKININ RESPONSE 1) ahk2-2tk (ARABIDOPSIS HISTIDINE KINASE 2) ahk3-3 fail to form
a FG but develop integuments (Kinoshita-Tsujimura and Kakimoto, 2011).

Once integument outgrowth and gametophyte maturation are completed, the
ovule remains unchanged until fertilization occurs. If fertilization does not occur,

Arabidopsis ovules will undergo cell death after a few days.

1.3. Double Fertilization

Flowering plants are the most prevalent group of plants and their success is mainly
attributed to their mode of reproduction. In angiosperms fertilization occurs in the female
gametophyte, which is hidden within the sporophytic maternal tissues. Enclosing the FG by
integuments and carpels made it well protected but generated a requirement for the
evolution of a special mechanism delivering the two sperm cells to the female gametes.
The process of double fertilization has been independently discovered by S. Nawashin and
L. Guignard more than hundred years ago (Nawaschin, 1898; Guignard, 1899).

In angiosperms two sperm cells are produced by the male gametophyte, a pollen
grain which develops in anthers. The mature male gametophyte is a haploid structure
reduced to only three cells of two types: a single vegetative cell and two sperm cells. Both
male gametes do not have cell walls and are localized inside the vegetative cell which
supports and protects their maturation and also plays a crucial role during fertilization
process. Sperm cells of flowering plants are not motile and require a special mechanism
that delivers them to the FG. This is ensured by the elongating pollen tube produced by
the vegetative cell.

Upon pollination the pollen grain is delivered to the pistil’s stigma, the female
receptive organ. After a re-hydration process the pollen grain is activated and the
vegetative cell starts formation of the pollen tube. Pollen tube elongation is characterized

by a fast tip growth guided by maternal factors and directed to the FG. It starts its growth
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in the stigma, passes the style and enters the transmitting track inside the placenta.
Leaving the transmitting track, the pollen tube enters the ovary chamber (Johnson and
Lord, 2006). It grows along the funiculus directly towards the micropyle, where it enters
the ovule. There are multiple steps of pollen tube guidance by the female tissues reviewed
in (Higashiyama and Hamamura, 2008), but the best understood is the last one that
involves a role of the female gametophyte. The pollen tube will arrest growth or lose its
orientation in mutant plants affected in synergid cell development (Hulskamp et al., 1995).
Consistently, a FG with physically damaged synergids will not attract pollen tubes,
suggesting the formation of a short distance signal by synergid cells (Higashiyama et al.,

2001).
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Figure 1-4. Schematic representation of the double fertilization process in Arabidopsis
adapted from (Twell, 2006). (A) Pollen grains germinate to produce pollen tubes that grow
within the pistil. (B) Each pollen tube, containing two sperm cells and a vegetative nucleus,
is attracted towards the ovule and is precisely guided to the micropyle. (C) The pollen tube
discharges the two sperm cells into one of the two synergid cells of the embryo sac.
Double fertilization follows: one sperm cell fuses with the egg cell and the second with the
central cell to produce the embryo and the endosperm of the seed.

The growth of the pollen tube is a complex and highly controlled process. Whereas
some species allow self-fertilization, in others, growth of the pollen tube can be inhibited
when it is derived from the same species. Inhibition can occur either at the very beginning
at the recognition step on the stigma or later during its growth in the style. Self-
incompatibility prevents self-fertilization what ensures creation of genetically more

diverse populations. The evolution of pollen tube growth, a system delivering non-motile
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sperm cells to the FG, made the fertilization process independent from the presence of
water and allowed angiosperms for wider spreading and colonization of new
environments (Chapman and Goring, 2010).

While the pollen tube elongates, the vegetative cell nucleus as well as the two
sperm cells are transported towards its tip. During growth of the pollen tube the sperm
cells overtake the vegetative nucleus. The pollen tube enters the ovule through the
micropyle and penetrates one of the two synergid cells, which degenerates upon pollen
tube discharge. When the pollen tube bursts, its content together with the two sperm cells
is released inside the FG. The two sperm cells migrate to the area between central cell and
egg cell and after a short time (5-7 minutes) they fuse with the female gametes. Male
gametes have no preferential targets and one of them fertilizes the egg cell initiating
development of the embryo and a second one fertilizes the central cell that develops into

the endosperm (Hamamura et al., 2011).

1.4. Seed Development

Reproduction through seeds conferred an enormous advantage to seed plants that
contributed to the evolutionary success of angiosperms. Seeds can be easily transported
on long distances, their specialized components protect and support the developing
embryo and germinating seedling and allow the embryo to remain dormant to ensure the
optimal timing for germination (Linkies et al., 2010).

Seed development is a complex process that encompasses simultaneous growth of
two fertilization products of different genomic composition and the surrounding maternal
tissues of sporophytic origin. Seed development starts after fusion of two genetically equal
sperm cells with two female gametes. The fertilized egg cell develops into the embryo, the
only component of the seed that contributes to the next generation. Fertilization of the
second female gamete, the central cell, leads to development of the endosperm, an
ephemeral tissue responsible for transmission of nutrients from the mother plant to the
embryo. Double fertilization indirectly also leads to the development of the seed coat that
envelopes the two fertilization products and protects them from various hazards (Nowack

et al., 2010).
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Figure 1-5. Schematic representation of Arabidopsis seed development adapted from
www.seedgenenetwork.net. Depicted are seed developmental stages that are named
based on characteristic steps of embryo development: (A) pre-globular stage; (B) globular
stage; (C) heart stage; (D) linear cotyledons stage; (E) bent cotyledons stage.

1.5. Embryo Development

The process of embryogenesis starts when the zygote elongates and undergoes an
asymmetrical division generating a small apical cell and a larger basal cell. This first division
determines the two cell lineages that follow different developing programs. Divisions of
the basal cell result in the formation of a transient suspensor, while the apical cell
differentiates into the proembryo.

After two subsequent divisions of the apical cell the two regions are specified
again, the apical part will give rise to cotyledon primordia and the shoot apical meristem,
whereas the basal part will develop into the hypocotyl. At the globular stage, the
uppermost cell of the suspensor is specified to become the hypophysis. Through an
asymmetrical division, the hypophysis gives rise to a lens-shaped cell from which the
quiescent center will be generated and a basal cell from which stem cells of the root apical
meristem and columella cells will be derived (Lau et al.,, 2010). The outgrowth of

cotyledons’ primordia causes the embryo to attain a heart shape. Further cell divisions will
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lead to growth of the hypocotyl and cotyledons that will bend and eventually fill whole

cavity of the seed at its maturity (Peris et al., 2010).
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Figure 1-6. Schematic representation of embryo development adapted from (Laux et al.,
2004). The upper and lower thick lines represent clonal boundaries between the
descendants of the apical and basal daughter cells of the zygote and between the apical
and central embryo domains, respectively. Abbreviations: a, antipodals; ac, apical
daughter cell; ad, apical embryo domain; bc, basal daughter cell; cd, central embryo
domain; cot, cotyledons; crc, central root cap; ec, egg cell; hc, hypocotyl; hy, hypophysis;
Isc, lens-shaped cell; pn, polar nuclei; gc, quiescent center; rt, root; s, synergids; sm, shoot
meristem; su, suspensor.

Growth of the embryo in most dicots is accompanied by vanishing of the endosperm tissue
that is used as a nutritious material necessary for the fast growth of the embryonic tissues
and synthesis of storage material like proteins and lipids. Mature seeds of most monocots
contain relatively small embryos and the endosperm is used up later during germination.
At this stage the mature embryo enters its last phase, the desiccation process that

prepares the embryo for dormancy.
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1.6. Endosperm Development

The endosperm is the second fertilization product that develops after the fusion of
one of the two sperm cells with the central cell. The central cell nucleus originates from
the fusion of the two haploid polar nuclei and therefore, contains a double number of
chromosomes already before fertilization. Fertilization of the diploid central cell with the
haploid male gamete initiates development of the triploid endosperm with two copies of
maternal and one copy of paternal genomes.

Development of the endosperm is divided into two distinct phases. It starts with
several rounds of nuclear mitotic divisions that are not accompanied by cytokinesis. The
enlarging central cell becomes a multinucleated syncytium containing large amounts of
free nuclei surrounded by a sphere of denser cytoplasm. In the second phase cell walls are
formed giving rise to the cellularized endosperm that for a short time continues to
undergo periclinal cell divisions. The cellularized endosperm is a terminal ephemeral tissue
most of which is eventually consumed as a nutrient source by the growing embryo. The
syncytial phase, specific for nuclear-type endosperm development, lasts for about eight
mitotic cycles (Costa et al., 2004). The primary endosperm nucleus starts dividing almost
immediately after double fertilization resulting in two daughter nuclei that become
separated as one of them migrates towards posterior (chalazal) pole. Each nucleus of the
developing endosperm is surrounded by a portion of condensed cytoplasm with a radial
microtubular system emanating from the nucleus. These nuclear-cytoplasmic domains
(NCDs) are involved in nuclear positioning and control of cell wall formation at the time of
cellularization (Brown et al., 1999). Only the first three nuclear divisions occur in a
synchronized way. The fourth round passes as a wave of successive mitoses that begins at
the micropylar pole and progresses to the chalazal-most nucleus. This divides the
syncytium into regions that continue development in a domain-specific manner.
Differences in nuclear shape, cytoskeletal arrays and cytoplasmic characteristics mark the
differentiation of the syncytium into three developmental domains, the micropylar
endosperm at the anterior pole, the chalazal endosperm at the posterior pole and the
peripheral endosperm domain in between those two (Boisnard-Lorig et al., 2001; Brown et
al., 2003). While cytoplasm in the micropylar and chalazal domains is dense and nearly
non-vacuolated, the syncytium in the central chamber consists of a single layer of evenly
spaced NCDs surrounding a large central vacuole. Nuclei surrounding the zygote are

fusiform, while those in the central and chalazal domains are spherical. While micropylar
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and peripheral domains continue with nuclear division, nuclei from the chalazal domain do
not divide after the fourth mitosis but become larger as a result of endoreduplication.
Additionally, some NDCs from the part of the peripheral domain localized in proximity to
the chalazal domain fuse together forming multinucleated NCD structures called nodules.
These in turn fuse in the big nuclei of chalazal cyst. The chalazal domain is localized in the
proximity of the vascular bundle of the maternal tissue that delivers assimilates to the
seed. Since the chalazal endosperm forms multiple specialized extensions that penetrate
the adjacent sporophytic tissue it is assumed that it plays an important role in the loading
of storage compounds from surrounding maternal tissues into the developing seed

(Nguyen et al., 2000).

Figure 1-7. Schematic representation of Arabidopsis endosperm development adapted
from (Olsen, 2004). (A) Dividing endosperm nuclei migrate from the micropylar zone (mp)
toward the chalazal end (cz). (B, C) As development progresses, the endosperm develops
three distinct regions: the micropylar endosperm (MCE) surrounding the embryo, the
central or peripheral endosperm (PEN), and the region of the chalazal endosperm (CZE),
which contains the chalazal cyst (cz). (D) At the end of the globular embryo stage, the
embryo becomes completely surrounded by cytoplasm. (E) At the embryo heart stage
cellularization of MCE occurs, which propagates to the PEN, while endosperm nodules (no)
as well as the chalazal cyst (cz) are formed in CZE. (F) Completely cellular endosperm (ce).
(G) The endosperm is consumed during seed maturation, leaving only the peripheral
aleurone-like cell (alc) layer surrounding the mature embryo (me).

The cellularization process starts after the eighth mitotic cycle. It begins in the area
surrounding the embryo at the early heart stage and progresses through the peripheral
domain. Cellularization does not affect the chalazal cyst that persists as a syncytium
throughout the seed development. At the beginning of the process NCDs elongate and
polarize. The microtubular system is rearranged and phragmoplast formation is initiated at
the place where two neighboring NCDs interact with each other (Otegui and Staehelin,
2000). Cell wall formation produce open-ended tube-like cells orientated towards the

central vacuole. In the last step periclinal cell walls are formed. The cellularizing
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endosperm still undergoes periclinal cell divisions to completely fill the peripheral zone.
After this complicated process the endosperm tissue is degraded by the growing embryo
that takes its place in the mature seed. Only one, the most outer layer of the endosperm,

called aleurone layer persists till seed maturity (Brown et al., 1999).

1.7. Seed Coat Development

Following fertilization and divisions in the endosperm the seed coat (testa) starts
growth and differentiation from the cells of the ovule integuments. The integuments
undergo intensive proliferation during FG maturation before fertilization, resulting in a
high number of small densely packed cells. Around anthesis cell divisions decelerate and
initial growth of the seed coat after fertilization is attained predominantly due to cell
expansion. Seed coat growth is observed already about 1,5 DAP, corresponding to the 16
nuclei stage of endosperm development while the zygote only starts its first division
(Brown et al., 2003).

The seed coat consists of five cell layers that follow different developmental
programs. Cells of the innermost layer (the endothelium) differentiate at first, marked by
the biosynthesis of proanthocyanidins (PA), which are flavanol compounds also known as
condensed tannins (Dixon et al., 2005). Their name reflects the fact that, on acid
hydrolysis, the extension units are converted to colored anthocyanidins, and this forms the
basis of the classical vanillin-HCl assay for the detection of these compounds. PAs
accumulate in the central vacuole of endothelium cells that in the later stages of seed
growth are crushed by the growing embryo. After release PAs oxidize, turn brown and
impregnate the other seed coat layers (Pourcel et al., 2005). The PAs biosynthesis pathway
is very well described, which is mainly attributed to the ease in screening for mutants with
colorless seeds. Many mutants affected in this trait were isolated and collectively called
transparent testa (tt) mutants. Genes that are affected in these mutants can be generally
divided into two groups. One that encodes enzymes and proteins involved in
compartmentation of the flavonoid compounds (773, TT4, TT5, TT6, TT7, BAN, TT12, TT18
and TT19) and a second group that consists of transcription factors regulating these
processes (TT1, TT2, TT8, TT16, TTG1 and TTG2) (Winkel-Shirley, 2001). Endothelium
specific TT2 belongs to the MYB transcription factors family and TT8 is a basic helix-loop-
helix (bHLH) transcription factor important for PAs biosynthesis but also operating in the

epidermal layer of the seed coat. TRANSPARENT TESTA GLABRA 1, a WD40 repeat protein,
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forms an endothelium specific complex together with TT2 and TT8 that activates
expression of target genes (Baudry et al., 2004). TT16 is another endothelium specific
factor. This MADS-box protein is required to initiate PA biosynthesis most probably
through its role in specification of the endothelium cells fate, since the most inner seed
coat layer in the tt16 mutant does not differentiate properly (Nesi et al., 2002).

The two outer layers of the inner integument do not follow the endothelium
developmental program but undergo programed cell death. Cell death in these two cell
layers is delayed upon loss of §VPE function. The 6VPE gene encodes a Caspase-1-like
protein that belongs to the family of vacuolar processing enzymes and is specifically
expressed in the two outer layers of the inner integument (Nakaune et al., 2005).

The two layers of the outer integument start their differentiation with
accumulation of starch containing amyloplasts during the initial growth period. During
further development they acquire different fates. The inner layer produces a thick
secondary cell wall making it resistant to the growing embryo that presses against the
seed coat. The most outer, epidermal layer produces large amounts of a pectinaceous
carbohydrate, the mucilage. The synthesis of mucilage takes place in the Golgi apparatus
and is later secreted into the apoplast. The cytoplasm moves apart from the cell walls as
more mucilage is accumulated and forms a column in the center of the cell. A secondary
cell wall separating the cytoplasm from the mucilage is produced and the whole structure
with a central cell wall elevation is called columella (Western et al., 2000). Similar to
endothelium, the cell fate of the epidermis is under control of a transcription factor
complex that consists of the WD40 repeat protein TTG1, the MYB family transcription
factor MYB5 and the basic helix-loop-helix protein TT8 (Li et al., 2009). APETALA 2 is
another transcription factor that is involved in epidermis development. Lack of AP2 affects
the whole outer integument that does not form columella structures and neither produces
mucilage (Jofuku et al., 1994). It also affects expression of many transcriptional regulators
involved in epidermal development (Western et al.,, 2004), suggesting that AP2 plays a
similar role in the outer integument as TT16 in the endothelium layer.

The developing seed coat consists of five cell layers that during development
differentiate and change their structure dramatically. While the seed matures also the
embryo progresses in its development, effectively filling the whole seed and eventually
pressing on the seed coat. The structure of the epidermal cells is preserved by mucilage

and the columella while other layers are crushed and the released tannins color the seed
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brown. The seed coat physically protects the embryo, provides impermeability to water
and oxygen, promotes stable dormancy and supports seed dispersal. When the seed gets
into contact with water seed imbibition takes place, mucilage is extracted and a gel

capsule is formed around the seed that is thought to aid hydration.

1.8. Cross-talk of the Endosperm with the Seed Coat

Co-ordinated growth of the three seed components embryo, endosperm and seed
coat is necessary for the formation of viable seeds in angiosperms. These three genetically
different components interact together to attain a seed size that ensures best chances for
successful germination. Endosperm growth starts almost immediately after double
fertilization and is correlated with enlargement of the seed coat. These two components
during the first few days after fertilization determine the final size of the mature seed
(Sundaresan, 2005). During this time the embryo has reached only the heart stage,
indicating that rather the endosperm together with the seed coat influence the size of the
embryo than opposite.

Seed coat growth takes place in two steps: an initial phase of cell proliferation, as a
continuation of pre-fertilization integuments growth and strong cell elongation after
fertilization (Western et al., 2000; Garcia et al., 2005). In the haiku2 (iku2) and miniseed3
(mini3) mutants elongation of the seed coat cells is strongly affected, causing seeds of
these mutants being much smaller than wild-type seeds. Investigation of the mutants
demonstrated that mutations do not affect seed coat development directly. MINI3 and
IKU2 genes are expressed in the endosperm and embryo but not in the cells of the seed
coat. The mutations are recessive and strongly delay growth of the endosperm in its early
developmental stages causing its precocious cellularization and reduced embryo
proliferation (Luo et al., 2005). The reduced endosperm is surrounded by a smaller seed
coat. Since the number of cells in the integuments does not differ in mutants and wild-
type plants, the effect is attributed to a reduced expansion of seed coat cells (Garcia et al.,
2003; Luo et al., 2005). Based on these studies it has been suggested that seed coat cell
elongation is a mechanism for seed coat size adjustments. Moreover, it implicates the
existence of a signal from the endosperm that triggers cell elongation in the integument.

The transparent testa glabra 2 (ttg2) mutant is another mutant that influences

seed size. The ttg2 mutation affects differentiation of the seed coat and directly affects its

25



size (Johnson et al., 2002; Garcia et al., 2005), implicating TTG2 acting downstream of an
endosperm-mediated effect on seed coat growth. Similar to the mini3 and iku2 mutation,
ttg2 does not affect cell proliferation but cell elongation. While in mini3 and iku2 the
abnormally developing endosperm does not induce expansion of the seed coat, in the ttg2
mutant endosperm growth is restricted by reduced growth of the seed coat. This suggests
that the maternally derived seed coat directly impacts on the decision about seed final

size.

1.9. Polycomb Group Proteins

Polycomb group (PcG) proteins are chromatin associated factors involved in the
regulation of transcriptional activity of the targeted loci. Originally, PcG proteins have
been characterized in Drosophila melanogaster as factors controlling proper spatial
expression of homeotic (Hox) genes. The Hox genes encode for transcription factors
involved in cell fate determination along the anterior-posterior body axis. Their early
activation in specific body segments establishes expression pattern that are maintained in
later developmental stages. Stable repression of Hox genes outside their expression
domains is executed by PcG proteins (Jiirgens, 1985). Mutants deficient in PcG proteins
express Hox genes outside their assigned domains, causing severe alterations of the fly
body plan. The Polycomb (Pc) gene was the first identified PcG gene, and the pc mutant is
characterized by the appearance of ectopic sex combs on the second and third pair of legs.
Recent studies have revealed that PcG proteins bind many more genes in addition to the
Hox genes. Among these target genes are mainly transcription factors involved in diverse
cellular functions and developmental pathways like cell cycle control and cellular
senescence, genomic imprinting, stem cell plasticity and cancer (Schuettengruber and
Cavalli, 2009). In Drosophila, PcG genes form two main complexes with distinct functions:
Polycomb Repressive Complex 1 (PRC1) and PRC2. PRC2 consists of the four core
components Enhancer of zeste [E(z)], Extra sexcombs (Esc), Suppressor of zeste 12
[Su(z)12] and nucleosome remodeling factor (Nurf55). The catalytic subunit, E(z), is a SET
(Supressor of variegation, Enhancer of zeste and Trithorax) domain-containing
methyltransferase that catalyzes the di- and trimethylation of lysine 27 on histone H3
(H3K27me3). H3K27me3, the hallmark of PcG-dependent gene silencing, is specifically

recognized by the chromodomain of Pc, one of subunits of the PRC1 complex (Cao and
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Zhang, 2004). The Drosophila PRC1 complex is composed of Pc, Polyhomeotic (Ph),
Posterior sex combs (Psc) and dRing, also called Sex combs extra (Sce) (Levine et al., 2002).
The Sce is a ubiquitin E3 ligase that monoubiquitinates lysine 119 of histone H2A. This
modification is in addition to H3K27me3 also recognized as a mark for transcriptional
silencing (Wang et al., 2004) and the whole PRC1 is believed to mediate the silencing
through chromatin compaction (Francis et al., 2004). A third important complex
Pleiohomeotic Repressive Complex (Pho-RC) was identified only in Drosophila. It consists
of the DNA-binding protein Pho and Scm-related protein containing four malignant brain
tumor domains (Sfmbt) that bind mono- and dimethylated H3K9 and H4K20 (Klymenko et
al., 2006). The PcG silencing machinery is brought to the target loci through the interaction
with Polycomb Responsive Elements (PREs). A PRE is a non-conserved DNA sequence that
consists of binding sites for several different DNA-binding proteins like Pho,
Pleiohomeotic-like (Phol), GAGA factor (GAF), Pipsqueak (Psq), Zeste and Grainy head
(Grh) (Miller and Kassis, 2006). These factors mediate the interaction of specific DNA
sequences with PRC1 and PRC2 complexes that do not directly interact with DNA and
therefore do not recognize PREs. It is still not clear how the targeting occurs, because
mutants in PRE binding proteins do not show PcG mutant phenotypes and many of them
are involved in transcriptional activation as well as repression (Mdller and Kassis, 2006).
Genome-wide studies of PcG proteins and H3K27me3 localization revealed that while PcG
proteins bind chromatin very localized to PREs, H3K27me3 is more broadly distributed
surrounding targeted loci (Schuettengruber and Cavalli, 2009). The “looping model”
suggests binding of the PcG machinery to confined PRE sequences and modification of
histones in its close proximity. As a result of changes in the three dimensional chromatin
structure (looping) nucleosomes being distantly located from PREs become localized into
the operating zone of the PRC2 SET domain subunit (Kahn et al., 2006).

PcG proteins and their function in transcriptional gene repression are conserved between
insects, vertebrates and plants. Table 1-1 lists Drosophila PcG genes and their homologs in

mammals and Arabidopsis.
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Table 1-1. PRC2 core subunits in Drosophila, mammals and Arabidopsis

Drosophila _ _ _ _ _ ) _
_ Mammalian protein Protein motif Arabidopsis protein
protein
CLF
E(z) EZH1/EZH2 SET domain SWN
MEA
. EMF2
Zn finger
Su(z)12 SUZ12 VRN2
VEFS domain
FIS2
Esc EED WD repeats FIE
Nurf55 RbAp46/48 WD repeats MSI1

1.10. PRC2 in Arabidopsis

As a result of genome duplications the number of genes encoding subunits of the
Arabidopsis PRC2 complex strongly increased. Homologs of PRC2 subunits acquired roles
in distinct expression domains. Therefore, different PRC2 homologs control different,
although sometimes overlapping target genes. So far, three different PRC2 complexes
were identified in Arabidopsis: the VERNALIZATION (VRN) complex, the EMBRYONIC
FLOWER (EMF) complex and the FERTILIZATION INDEPENDENT SEED (FIS) complex.
Complexes are named after Su(z)12 homologs VERNALIZATION2 (VRN2), EMBRYONIC
FLOWER2 (EMF2) and FERTILIZATION INDEPENDENT SEED2 (FIS2) that are PRC2 subunits
unique in the given complex. Following the Drosophila and mammalian model the core of
each Arabidopsis PRC2 complex comprises four proteins. MULTICOPY SUPPRESSOR OF IRA
1 (MSI1) and FERTILIZATION INDEPENDENT ENDOSPERM (FIE) are two subunits with no
other homologs in the Arabidopsis genome, involved in PRC2 related function. They
therefore participate in the formation of every of the three PRC2 complexes. Although
MSI1 is a member of a small family of five homologous genes, there are no reports

showing MSI2-5 proteins being involved in PRC2 complex formation. MSI1 and FIE are
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homologs of Drosophila Esc and Nurf55, respectively. Homologs of the Drosophila E(z)
methyltransferase in Arabidopsis are CURLY LEAF (CLF), MEDEA (MEA) and SWINGER
(SWN).

The FIS and the VRN complexes have been biochemically characterized (Kéhler et
al., 2003a; De Lucia et al., 2008). Like in Drosophila, core components of the FIS and VRN
PRC2 were part of 600 kDa protein complexes (Tie et al., 2001). De Lucia and colleagues
identified three plant homeodomain (PHD) finger proteins being part of a common PHD-
PRC2 complex. Lack of PHD proteins VERNALIZATION 5 (VRN5), VERNALIZATION5/VIN3-
LIKE 1 (VEL1) and VERNALIZATION INSENSITIVE (VIN3) leads to reduced H3K27me3 levels,
suggesting that PHD proteins are required for high levels of H3K27 trimethylation that in
turn are required for stable epigenetic repression of target genes. Similarly, in Drosophila
and mammals PRC2 complexes interact with Polycomblike (Pcl) and human PHF1 PHD
proteins, respectively, and this interaction is required for the generation of high levels of
H3K27me3 (Nekrasov et al., 2007; Cao et al., 2008).

Both, the EMF and VRN complexes are important regulators of flowering time in
Arabidopsis. This developmental transition is an important step in the plant life cycle and
involves a switch of the vegetative shoot apical meristem (SAM) to an inflorescence SAM.
The decision to flower is taken when the mature plant has reached the developmental
competence to react to environmental conditions that ensure successful reproduction.
The EMF complex prevents precocious flowering of juvenile plants. Strong emf2 mutant
alleles start flowering right after germination, producing minute plants that do not
produce seeds (Yoshida et al.,, 2001). Consistently, flower meristem identity genes
APETALA 2 (AP2) and AGAMOUS (AG) are deregulated and ectopically expressed in emf2
mutant seedlings shortly after germination (Chen et al, 1997). The histone
methyltransferase CLF is most likely the catalytic subunit of the EMF complex. Although
the whole complex has not yet been purified, phenotypic similarities of clf and emf2
mutants as well as the shared subset of deregulated genes and interaction of CLF and
EMF2 proteins in the yeast two-hybrid system strongly support this conclusion
(Chanvivattana et al., 2004).

PcG proteins are furthermore required to maintain cell identity in plants. Loss of
CLF and EMF2 function causes homeotic transformations of floral organs, e.g. fused sepals
with stigmatic papillae cells along their margins, stamenoid petals and anther-like tissue

on the surface of the petal blades. Complete loss of PcG function in the clf swn double
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mutant causes formation of callus-like structures producing somatic embryos, highlighting
the requirement of PcG function to maintain cell identity (Goodrich et al.,, 1997;
Chanvivattana et al., 2004).

A second PRC2 complex controlling flowering time is the VRN complex that enables
Arabidopsis plants to flower after vernalization. Vernalization is the process of acquiring
the competence to flower after extended periods of exposure to cold. In climatic zones
with seasonal changes vernalization will cause plants to flower after winter, ensuring high
chances to set the seeds on time, before the next cold season comes. In the Arabidopsis
genus there are winter-annual accessions that require vernalization to flower, as well as
the summer-annual accessions that start the reproductive program independently of
vernalization (Shindo et al., 2006). The molecular mechanism of vernalization relies on
stable epigenetic silencing of the flowering repressor FLOWERING LOCUS C (FLC). The
H3K27me3mark in the coding region of FLC is deposited by VRN complex and correlates
with its repressed state. FLC is a repressor of the flowering promoter FLOWERING TIME
(FT). Therefore, repression of FLC will cause FT activation and induction of flowering.
Exposure to cold initiates methylation only in a very restricted region of the first intron of
FLC. Extended periods of cold exposure are a requirement for stable FLC silencing, and will
enable a spreading of H3K27me3 over the FLC locus after return to warm conditions.
Surprisingly, binding of VRN2 to the FLC locus seems independent of vernalization, as
VRN2 binding has been detected all over the FLC locus before and after vernalization.
Activity of the VRN complex depends on PHD proteins VRN5, VEL1 and VIN3. Expression of
VIN3 gradually increases during cold exposure, suggesting that VIN3 could be the output of
a temperature sensing mechanism. The core of the VRN complex consists of VRN2, SWN or
CLF, FIE and MSI1 but formation of a bigger and likely active PHD-PRC2 complex depends
on the presence of PHD proteins (Wood et al., 2006; De Lucia et al., 2008). Additionally,
also the CLF-EMF2 PRC2 complex has been shown to act on the FLC locus to repress its
activity under warm conditions (Jiang et al., 2008).

The third PRC2 complex in Arabidopsis, the FIS complex, differs from the two
others not only in composition but also in the domains of its activity as it is not expressed

in sporophytic but only in gametophytic tissues.
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1.11. The FIS Complex

The first components of the FERTILIZATION INDEPENDENT SEED (FIS) complex have
been discovered in genetic screens aiming to identify mutants that are able to form seeds
in the absence of fertilization (Ohad et al., 1996; Chaudhury et al., 1997). The production
of seeds uncoupled from the fertilization process is a characteristic feature of apomixis.
However, whether loss of FIS function is a requirement for apomictic seed formation is not
clear. The FIS complex comprises the four core subunits FIS2, MEA, FIE and MSI1. Mutants
with a defect in any subunit show characteristic phenotypes before as well as after the
fertilization, indicating that the FIS complex plays important roles in the gametophyte and
in the developing seed. Indeed, FIS subunits are expressed in the central cell of the female
gametophyte and in the developing endosperm after the fertilization. In the absence of
fertilization the central cell of fis mutants starts dividing and develops into an asexual
endosperm. This autonomously developing endosperm differentiates and forms a chalazal
cyst, peripheral endosperm occasionally cellularize but autonomous fis seeds eventually
collapse (Chaudhury et al., 1997). Autonomous seeds of fis2, mea and fie mutants do not
contain an embryo, suggesting that the FIS complex does not repress autonomous egg cell
development. The msil mutant is exceptional in its ability to form autonomous embryo
like structures. However, MSI1 is also a component of other chromatin associated
complexes, suggesting that autonomous embryo formation is rather a consequence of
deregulated processes unrelated to FIS function (Kohler et al., 2003a). Together, these
data strongly suggest that the FIS PRC2 complex acts in the central cell nucleus to suppress
endosperm development in the unfertilized female gametophyte.

Impaired FIS function also causes developmental abnormalities after fertilization.
While wild-type seeds initiate endosperm cellularization at about 5 DAP containing heart
stage embryos, endosperm of fis mutants does not cellularize but overproliferates and fis
embryo development arrests at heart stage. Since FIS genes are not expressed in the
embryo, embryo arrest is likely a consequence of a failure in endosperm function
(Chaudhury et al.,, 1997). Fis mutants are maternal effect gametophytic mutants; thus,
every seed that inherits a fis mutant allele from the mother will arrest development,
independent of the presence of a wild-type paternal allele. The female gametophytic
effect of fis mutants is unlikely a consequence of maternal-specific expression of FIS genes.

While FIS genes MEA and FIS2 are indeed only expressed from maternally inherited alleles
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(Luo et al., 2000; Vielle-Calzada et al., 2000; Kinoshita et al.,, 2001), FIE and MSI1 are
biallelically expressed but still reveal a maternal effect (Leroy et al., 2007). Therefore, it
seems likely that abnormal endosperm development in fis mutants is a consequence of
impaired FIS function in the central cell.

Transcription profiling of the fis mutants mea and fie led to the identification of
PHERES1 (PHE1), the first direct target gene of the FIS complex (Kéhler et al., 2003b).
Recently, H3K27me3 profiling performed on isolated endosperm nuclei identified 1800 FIS
PRC2 target genes, among them 240 genes being specifically targeted only in the
endosperm. FIS PRC2 targets were highly enriched for MADS-box transcription factors as
well as genes involved in cell wall formation, suggesting a specific function of the FIS PRC2
in endosperm cellularization (Weinhofer et al., 2010).

Interestingly, the repressive action of the FIS PRC2 complex can be very selective.
Target genes of FIS PRC2 PHE1 and MEA are among the first examples of imprinted genes
in plants. Genomic imprinting is an epigenetic phenomenon causing allele-specific gene
expression dependent on the parent-of-origin. The paternal allele of PHE1 and the
maternal alleles of MEA are active, while repression of the maternal PHE1 alleles and the
paternal MEA allele is mediated by the FIS complex (Kéhler et al., 2005). Genomic
imprinting occurs in flowering plants and mammals and is considered to be a consequence
of the “placental habit”. The progeny of flowering plants and mammals is nourished
exclusively by the mother through specialized endosperm and placenta tissues,
respectively. Based on the parental conflict theory there is a discrepancy in the maternal
and paternal interests over the distribution of maternal resources to the offspring.
Whereas it is advantageous for the paternal parent to maximize available resources for his
own progeny, it is advantageous for the maternal parent to distribute resources equally
among her offspring (Haig and Westoby, 1989). This suggests that paternally expressed
genes will promote embryo growth, while maternally active genes will cause the opposite
effect. Analysis of many imprinted genes in mammals support this theory (Shirley M,
1999). Experiments with interploidy crosses in plants also support the parental conflict
theory. Increased dosage of the paternal genome in diploid (2n) x tetraploid (4n) crosses
results in enhanced growth of the endosperm and in turn enlarged seeds, whereas the
reciprocal crosses produce seeds of smaller size (Scott et al., 1998). Seeds resulting from
crosses with increased paternal genome contribution phenocopy fis-class mutant seeds,

implicating a role of FIS PRC2 in balancing parental genome dosages (Erilova et al., 2009).
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1.12. Partial Redundancy of PcG Proteins in Arabidopsis

Several Arabidopsis PcG genes can be grouped into families based on sequence
homology, such as CLF, MEA, SWN and EMF2, VRN2, and FIS2. It is likely that these gene
families are the result of gene duplications and subsequent diversification from ancestral
sequences. The analysis of homologous sequences in plants indicates the existence of
EMF2-like gene in early diverging lineages of land plants, suggesting that the EMF2 gene is
the ancestral gene, whereas VRN2 arose in angiosperms after EMF2 duplication. EMF2
shares higher homology with VRN2 than with FIS2. FIS2 has only been found in few plant
genomes and only in those that contain VRN2, suggesting that FIS2 has evolved after VRN2
duplication (Chen et al., 2009). A characteristic feature of this gene family is the VEFS
(VRN2, EMF2, FIS2, Su(Z)12) domain that is responsible for the interaction with the
catalytic subunit (CLF, SWN, MEA or E(Z)) of a given complex (Chanvivattana et al., 2004).
Yeast two-hybrid studies revealed that Arabidopsis homologs of Su(Z)12 can interact with
more than one SET domain protein. FIS2 interacts in yeast with MEA and SWN (Wang et
al., 2006), and EMF2, VRN2, and FIS2 interact with SWN and CLF (Chanvivattana et al.,
2004), implicating partial redundancy between PRC2 family members. Indeed, genetic
interactions confirm this view. Whereas the clf mutant phenotype can be strongly
enhanced by the swn mutant, a similarly strong mutant phenotype effect can be observed
in a emf2 vrn2 double mutant, revealing partial redundancy between CLF and SWN and
EMF2 and VRN2 (Chanvivattana et al., 2004; Schubert et al., 2005). Wang and colleagues
reported functional redundancy of MEA and SWN. While MEA is expressed only in the
reproductive tissues of the mature female gametophyte and developing endosperm, SWN
is expressed in both reproductive and vegetative tissues of the plant. This temporal co-
expression, the enhancement of the FIS phenotype in the mea swn double mutant and a
biochemical proof for the interaction of FIS2 with MEA and SWN supported the hypothesis
of redundancy between MEA and SWN (Wang et al., 2006).

If indeed plant PRC2 subunits act redundantly raises the question how specificity of
the complexes is determined. One possibility is that specificity is a consequence of
differences in the spatial and temporal expression of PcG genes. Alternatively, it is possible
that redundancy of PcG genes is not complete. In agreement with this view, most of the

PcG single mutants show a phenotype in the presence of the predicted redundant protein.
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Furthermore, complementation of the clf mutant with 35S driven CLF, SWN or MEA
revealed that despite genetic redundancy of CLF and SWN only the CLF sequence could
complement the cl/f mutation (Chanvivattana et al.,, 2004). However, a detailed

understanding of this question requires further investigations.
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2. AIM OF THE THESIS

The process of seed development encompasses coordinated growth of the three
seed components: embryo, endosperm and seed coat. While development of the two
fertilization products embryo and the endosperm has been widely studied, the process of
seed coat initiation remains poorly understood. The aim of this thesis was to investigate
whether the endosperm acts as a driving force for seed coat development. To study the
molecular bases of this process | took an advantage of the FIS complex mutants that form

autonomous endosperm and display different seed coat phenotypes.
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3. MATERIALS AND METHODS

3.1. Plant Material and Growth Conditions

Seeds were surface-sterilized in 5 % (v/v) sodium hypochlorite (Sigma-Aldrich), 0.01
% (v/v) Triton X-100 (Fluka) for 10 min and plated to MS medium (0.4 % (w/v) MS Basal
Salt Mixture (Duchefa, cat. M0221), 1 % (w/v) sucrose, 0.8 % (w/v) Bacto Agar (Difco), pH
5.6). After stratification at 4 °C in the dark for two days, seedlings were grown in a growth
room under daily cycles of 16 h light and 8 h dark at 21 °C. Ten-day-old seedlings were
transferred to soil and plants were grown in a growth chamber at 60 % humidity and a 16
h light and 8 h dark cycle at 21 °C.

Depending on the corresponding mutant line, either Landsberg erecta (Ler) or
Columbia (Col-0) plants have been used as wild-type accessions.

All the mutant lines used in this study are listed in Table 3-1.

Table 3-1. List of mutant lines used in this study

Gene Locus ID Allele  Accession Type Collection Published
FIS2  AT2G35670 fis2-1 Ler EMS - (Chaudhury et al., 1997)
FIS2  AT2G35670  fis2-5 Col T-DNA SALK_009910 (Alonso et al., 2003)
FIE  AT3G20740 fie-2 Ler EMS - (Chaudhury et al., 1997)
FIE  AT3G20740 fie-12 Col T-DNA GK_362D08 (Wolff et al., 2011)
MEA AT1G02580 mea-1 Ler Ds - (Grossniklaus et al., 1998)
MEA AT1G02580 mea-8 Col T-DNA SAIL_55_C04 (Shirzadi et al., 2011)
MSI1  AT5G58230 msil-1 Col T-DNA GARLIC 429 B8 (Kohler et al., 2003a)
EMF2 AT5G51230 emf2-5 Ler EMS - (Yang et al., 1995)
VRN2 AT4G16845 vrn2-1 Ler EMS - (Chandler et al., 1996)
SWN AT4G02020 swn-3 Col T-DNA SALK_050195 (Chanvivattana et al., 2004)
KPL  AT5G63720  kpl-2 Ler Ds GT_5 38351 (Ron et al., 2010)
AGL62 AT5G60440 agl62-2 Col T-DNA  SALK 022148  (Kang et al., 2008)
TTN2 unknown ttn2-1 Ws T-DNA CS84718 (Liu and Meinke, 1998)
PHE1 AT1G65330 phel-1 Ler Ds ET189 (Kohler et al., 2005)
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Primers used to genotype T-DNA insertion mutants were designed using the T-DNA
primer design tool at http://signal.salk.edu/tdnaprimers.2.html (Table 3-2). Mutant
combinations were obtained by crossing the appropriate alleles and screening F2 and F3

plants for the desired heterozygous and homozygous mutant combinations.

Table 3-2. Primers used for genotyping of mutant alleles. For T-DNA-specific PCR the T-
DNA primer and the reverse primer were used. Sequence from 5’ to 3.

Locus ID Allele Primers
fwd: ATGATGAAAATGTATCATCGACACCAAG
AT2G35670 fis2-1 rev: ACCGCTCTGCATGTAACTCTTTTCT

mutation removes Bsu36l site in amplicon

fwd: TGTTGTTTCCATGATTTCTTTTTC
AT2G35670 fis2-5 rev: AAACCGAACCAGTTTTCATACC

T-DNA: ATTTTGCCGATTTCGGAAC

fwd: ATGTAGATTACTCTGTACAATTGTCTCG
AT3G20740 fie-2 rev: TGCGAGCACAGATTATACAA

mutation removes BseRlI site in amplicon

CACGGTAAGTTGGGCGTGTGGCG

T-DNA: CCCATTTGGACGTGAATGTAGACAC

fwd: GTGGAGATGGCACTCTTGG
AT1G02580 mea-1 rev: CGCATGTTCTGGTCCATAG

DS: CCGTTTACCGTTTTGTATATCCCG

fwd: CGTTTCTCCTAAGCCTGTCG
AT5G51230 emf2-5 rev: TGGTAATGCCCAAAGATACATAAC

mutation creates additional Msel site in amplicon

fwd: TGCGTTCATTAAGTAGGCAACAGAAAATGG
AT4G16845 vrn2-1 rev: GAGAAGTAGTTACCTTTGTTTTCTTACAGAAGAGT

mutation creates Xmnl site in amplicon

fwd: CGTTTCCGAGGATGTCATTGTG
AT4G02020 swn-3 rev: TGGAACTTTTGAGTGGCTAGAGGTG

T-DNA: GCGTGGACCGCTTGCTGCAACT

rev: GTTACCGACCGTTTTCATCC

DS: CCAACTTCACACGTCCTCTTTTGGG

fwd: TGAGCTTTGCACACTTTGTGGTG
AT5G60440 agl62-2 rev: AAGCATTGTTTCCAAAGGGTGG

T-DNA: ATTTTGCCGATTTCGGAAC

AT3G20740 fie-12

AT5G63720 kpl-2
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3.2. Generation of Transgenic Lines

The PHE1pro:PHE1-EGFP construct was prepared by ligating three separate DNA
fragments: PHE1 promoter and coding sequence, EGFP reporter gene and 3’UTR region of
the PHE1 gene, together with modified pCAMBIA1300 (http://www.cambia.org) plasmid.
All the restriction enzymes and necessary buffers have been purchased from New England
Biolabs or Fermentas and used as recommended by the manufacturer. EcoRl and Xmal
enzymes were used to obtain 3.8 kb fragment of PHE1 promoter and coding sequence
from already existing plasmid CK297. Xmal and BstEll were used to obtain 740 bp long
fragment of EGFP gene from existing CK312 plasmid. BstEll and Pstl enzymes were used to
digest CK297 plasmid to obtain 3.5 kb long fragment of PHE1 gene 3’UTR region. Original
35S promoter from the pCAMBIA1300 plasmid was removed with EcoRl and Pstl
restriction enzymes and resulting ends were dephosphorylated. All fragments were ligated
with the plasmid in a single reaction. Resulting construct was tested for proper orientation
of the fragments by restriction digestion tests and sequencing. Correct clone was used for
Agrobacterium tumefaciens (GV3103 strain) mediated transformation of Arabidopsis
plants. Primary transformants were selected on MS plates supplemented with 25mg/L
Hygromycin B.

The PHE1pro:PHE1-EGFP line has been widely used in our group. E.g. Dr. Isabelle
Weinhofer with colleagues have successfully used this reporter line for FACS-based sorting
of Arabidospsis endosperm nuclei (Weinhofer et al., 2010).

Binary destination vector pB7WG2 was used to generate FIS2pro:FIS2,
FIS2pro:VRN2 and FIS2pro:EMF2 plasmids. The 1850bp of the FIS2 promoter were
amplified with primers containing Sacl and Xbal sites (5
GAGCTCCGAATTCGCTGAGAGTTGGTC 3’ and 5’ TCTAGACTGCTTGATTAATCTATAAGCTGT 3’,
respectively) and cloned into pB7WG2 replacing the 35S promoter. The FIS2 coding
sequence was amplified (fwd 5 CACCATGGCTAGGAAGTCCATACG 3’ and rev 5
TTATTCATCAACTTCCATAGATTGTTGATTG 3’) from Ler seed cDNA and inserted into pENTR-
D TOPO vector (Invitrogen). Entry clones for VRN2 and EMF2 (kindly provided by Dr. Lars
Hennig) were generated by cDNA amplification and insertion into pENTR-D TOPO vector.
Expression clones were generated by LR reaction following the Gateway cloning protocol
(Invitrogen). Transgenic lines were generated by Agrobacterium tumefaciens—mediated

transformation into fis2-1.
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The AGL62pro:AGL62-GFP reporter line was kindly provided by Dr. Elisabeth
Hehenberger. It was generated by inserting 2500 bp of amplified AGL62 promoter and
coding region fused to EGFP into pCAMBIA1300. Construct was transformed into the
heterozygous agl62-2 mutant line and independent, single transgene locus insertion T2
lines in agl62 and wild type background were analyzed. The AGL62pro:AGL62-GFP in wild
type was crossed with fis2-5.

The VRN2pro:VRN2:GUS reporter line was kindly provided by Caroline Dean. The
translational fusion is on a 7.75 kb EcoRI-Spel fragment. This includes the genomic
sequence from the 5' UTR to the 3' UTR of the VRN2 locus. The VRN2 stop codon was
mutated to a BamHI site and the GUS coding sequence was inserted at this position as a
BamHI fragment (Choi et al., 2009).

The SWNpro:SWN-YFP translational fusion was constructed by amplifying a 7.2-kb
genomic fragment containing 2.2 kb of 5'-flanking sequence and the coding region of SWN
from Col-0 genomic DNA. The binary transformation vector for the C-terminal fusion to
yellow fluorescent protein (YFP) coding sequence was constructed using pBI101, where
the GUS coding region was replaced by the multiple cloning site of pUC19 and

subsequently used to clone the YFP coding sequence (Wang et al., 2006).

3.3. Standard Molecular Protocols

Standard molecular biology procedures (e.g. restriction enzyme digestions, ligation
reactions, plasmid DNA-preparations and gel electrophoresis) were performed as
described in (Sambrook and Russell, 2001) or according to the enzymes and kit suppliers’
instruction. Cloning PCRs were performed with Expand® Long Template PCR System
(Roche), the Gateway cloning system was obtained from Invitrogen. Standard PCR was
performed using DreamTag™ buffer, 0.2 mM dNTP mix, 0.1 pM primers and 0.25 u
DreamTag™ DNA polymerase (Fermentas, cat. EP0702).

DNA was extracted based on the method described by (Edwards et al., 1991).
Frozen plant leaf material (about 50 mg) was ground in a 1.5 ml reaction tube in a Silamat
S5 mixer (lvoclar Vivadent) using 1.25 - 1.65 mm diameter glass beads (Roth, Art.-Nr.
A555.1). 500 pl of Edwards buffer (200 mM Tris [pH 7.5], 250 mM NaCl, 25 mM EDTA and
0.5 % (v/v) SDS) were added and samples were centrifuged for 1 min at 12’000 x g. 400 pl

supernatant were transferred to a new reaction tube and mixed with 400 pl isopropanol.
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After centrifugation for 5 min at 12’000 x g, the DNA pellet was washed once with 70 %

(v/v) ethanol, air-dried and dissolved in 100 pl water.

3.4. Transcript Level Analysis

1 — 5-day-old seeds or unfertilized ovules were harvested into RNA/ater (Sigma,
R0901) and ground frozen in a Silamat S5 for 3 times 7 sec. Total RNA was extracted using
the RNeasy Plant Mini Kit (Qiagen, cat. 74903). RNA was treated with RNase-Free DNase
(Qiagen, cat. 79254). RNA content was estimated on a NanoDrop1000 (Thermo Fisher
Scientific) and equal amounts of RNA were used for cDNA synthesis with the First Strand
cDNA Synthesis Kit (Fermentas, #K1611). Fast SYBR Green Master Mix (Applied
Biosystems) and gene specific primers were used for RT-PRC performed on 7500 Fast Real-
Time PCR device (Applied Biosystems). PROTEIN PHOSPHATASE 2A (PP2A) were used as
reference genes. For sequences of primers see Table 3-3. Real-Time PCR was performed

using three replicates and results were analyzed as described (Simon, 2003).

Table 3-3. Primers for transcript analysis

Primer Sequence

PP2A qPCR primers TAACGTGGCCAAAATGATGC
GTTCTCCACAACCGCTTGGT

PHE1 gPCR primers CGCATGTGCGGTCATCC
TCCAACACCGAAAACTCCAT

3.5. Microarray Analysis

Wild type (Ler) and double mutant emf2-5/+ vrn2-1/- plants were emasculated by
manual removal of the anthers around 1-2 days prior anthesis. Two days after
emasculation half of the wild type plants were hand pollinated. Unfertilized ovules and
young seeds were dissected from the siliques 4 DAE and 2 DAP, respectively, collected to
RNAlater (Sigma, R0901) and ground frozen in a Silamat S5 for 3 times 7 sec. RNA was
extracted using QIAGEN RNeasy KIT followed by on-column DNase treatment. Experiment
was repeated 5 times and 3 out of 5 biological replicates were used for labeling and

microarray hybridization.
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Labeling and hybridization to AGRONOMICS1 arrays (Affymetrix, Santa Clara, CA)
has been described previously (Rehrauer et al.,, 2010) and performed by Functional
Genomic Center Zurich staff.

Signal values were derived from Affymetrix*.cel files using RMA (Rehrauer et al.,
2010). All data processing was performed by Dr. Lars Hennig using the statistic package R
(version 2.6.2) that is freely available at http://www.r-project.org/ (Ihaka and Gentleman,
1996). Quality control was done using the affyQCReport package in R. In addition,
coefficients of variation (cv) were calculated between replicates as a quantitative measure
of data quality and consistency between replicates as described previously (Kohler et al.,
2003b). Differentially expressed genes were identified using the limma package in R
(Smyth, 2004). Multiple-testing correction was done using the g-value method (Storey and
Tibshirani, 2003). Probesets were called significantly differentially expressed when q<0.05.
To enrich for biologically relevant changes, only probesets with a minimal SLR of 0.6 were
selected. Analysis of GO categories was performed using AtCOECiS

(http://bioinformatics.psb.ugent.be/ATCOECIS/).

3.6. Histological Analysis

Samples were fixed in 4% formaldehyde, 50% ethanol, and 10% acetic acid
overnight at 4°C. The fixed samples were dehydrated in a series of ethanol dilutions (50%,
70%, and 100%) for 1 hour each, followed by an overnight incubation in 100 % ethanol.
After additional wash with 100 % ethanol, samples were embedded in Technovit 7100
(Kulzer) according to the manufacturer's instructions. Four-micrometer sections were
prepared using a Leica RM2145 microtome.

For Schiff’s staining, sections were oxidized for 30 min with 1 % periodic acid,
washed and stained for another 30 min with Schiff’s reagent (Sigma-Aldrich, cat. 3952016).
The washed and dried sections were embedded in Entellan New mounting media (Electron
Microscopy Sciences, cat. 14800) and allowed to cure for 30 min before microscopic
analysis was performed.

For Toluidine blue staining, sections were incubated in 0.05% solution of Toluidine
blue (Merck), washed with water, dried and mounted in Entellan New.

Seeds expressing B-GLUCURONIDASE (GUS) constructs were fixed for 1 h in

acetone, washed twice in 50 mM sodium phosphate (pH 7.0) and immersed in GUS
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solution (50 mM sodium phosphate [pH 7.0], 10 mM EDTA, 1 mM potassium ferrocyanide,
1 mM potassium ferricyanide, 0.1 % (v/v) Triton X-100 and 1 mg/ml X-Gluc (in
Dimethylformamide)) at 37 °C for 24 h. The seeds were dehydrated and embedded as
described above. Sections were directly mounted in Entellan New mounting media and

used for microscopy.

3.7. Microscopy

For Nomarski microscopy, samples were fixed in ethanol/acetic acid in a ratio of
9:1, washed with 70% ethanol and mounted in chloral hydrate solution (glycerol/chloral
hydrate/water in a ratio of 1:8:3). For vanillin staining, ovules were manually dissected
from ovaries and mounted on slides in 1% (w/v) vanillin (4-hydroxy-
3methoxybenzaldehyde; Sigma) in 6 N HCI solution. Slides were analyzed after 20 min of
incubation. Samples were analyzed with a Leica DM2500 microscope using differential
interference contrast optics. Images were recorded with a Leica DFC 300 FX digital camera.

Samples from GFP lines were mounted in water and analyzed with epifluorescence optics.

3.8. Feulgen Staining and Confocal Microscopy

Fixation, staining and embedding was performed as described in (Braselton et al.,

1996). Confocal imaging was performed using a Leica SP1-2, excitation wavelengths were

set to 488 nm and detection to 535 nm and longer.

42



4. RESULTS

4.1. EMF2 and VRN2 are not Acting Redundantly with FIS2 in the Female

Gametophyte

To determine the penetrance of autonomous seed development in different
mutants lacking components of the FIS PcG complex | counted number of autonomous
seeds in emasculated siliques at 7 days after emasculation (DAE) (Figure 4-1 A). The
presence of four or more nuclei in the central cell was considered as criterion for
autonomous endosperm and seed development. Alternatively, strongly enlarged
autonomous seeds containing less than 4 endosperm nuclei were as well counted.
Whereas fis2 and mea mutants generated only very few autonomous seeds (about 3-8 %;
penetrance 6-16%) in both Ler and Col Arabidopsis accessions, almost every ovule
inheriting a fie or msil mutation initiated autonomous seed development (up to 42% or
45% autonomous seeds, penetrance 84% or 90%, respectively) with a stronger effect
observed in Col background. Therefore, fis mutants have a strikingly different penetrance
in autonomous seed formation, which is contrasted by a completely penetrant phenotype
of each mutant after fertilization. Lack of any FIS complex subunit gives rise to 50% seed
abortion (Ohad et al., 1996; Chaudhury et al., 1997; Grossniklaus et al., 1998; Kohler et al.,
2003a; Guitton et al., 2004), implicating no functional redundancy of FIS genes after
fertilization. This either suggests the presence of genes acting redundantly with MEA and
FIS2 before fertilization or an increased capacity of fie and msil to undergo autonomous
seed development due to unknown defects caused by loss of FIE and MSI1 function. To
test whether differences in the penetrance of autonomous seed development are caused
by functional redundancy of FIS2 with VRN2 or EMF2 in the female gametophyte, |
analyzed penetrance of autonomous seed development in double heterozygous mutants
fis2/+ vrn2/+ and fis2/+ emf2/+ (Figure 4-1 B). In this genetic combination it is expected
that 25% of female gametophytes lack FIS2 and VRN2 or FIS2 and EMF2 function,
respectively. However, penetrance of autonomous seed development was not increased
neither in fis2/+ vrn2/+ nor fis2/+ emf2/+ double mutants. | generated a triple fis2/+
vrn2/+ emf2/+ mutant containing 12.5% ovules lacking all three homologous genes. In this
triple mutant 15% of the ovules initiated autonomous seed development (Figure 4-1 B),
whereas autonomous seed development was never observed in vrn2/+ emf2/+ and vrn2/-

emf2/+ double mutants (not shown). One explanation for this finding is that all three
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genes act redundantly in the female gametophyte. | investigated this hypothesis further by
testing whether expression of EMF2 and VRN2 under control of the FIS2 promoter could
rescue the fis2 mutant. FIS2 promoter is active in the central cell of the female
gametophyte and during endosperm development before and after fertilization,
respectively. | generated transgenic lines in the fis2-1 and fis2-5 mutant backgrounds

expressing the VRN2 and EMF2 genes under control of the FIS2 promoter.
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Figure 4-1. Penetrance of autonomous seed development in PcG mutants and mutant
combinations. (A) Percentage of autonomously developing seeds in different fis mutants
determined at 7 DAE. (B) Percentage of autonomously developing seed in the fis2-1/+
single mutant and in double and triple mutant combinations of fis2-1/+ with emf2-5 and
vrn2-1. The fie-2 mutant served as a positive control. Asterisks indicate significant
deviations from fis2/+ determined by ANOVA testing (p<0.001). Numbers on top of each
bar indicate analyzed siliques. Each silique contained on average 60 ovules or seeds.
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However, among 19 FIS2pro:VRN2 and 12 FIS2pro:EMF2 lines, none of them
complemented the fis2 seed abortion phenotype, whereas expression of FIS2 under
control of the same promoter conferred complete complementation (out of 15 lines
analyzed, all lines showed complementation revealed by reduction of seed abortion rates
to 25% in lines hemizygous for the construct). These findings do not support the
hypothesis that VRN2 and EMF2 act redundantly with FIS2 in the female gametophyte and
rather suggest that double heterozygosity for EMF2 and VRN2 causes an effect on
sporophytic tissues promoting the capacity of fis2 mutants to form autonomous seeds.
Together, | conclude that FIS2 does not act redundantly with EMF2 and VRN2 in
the female gametophyte, but that reduced dosage of EMF2 and VRN2 in sporophytic
tissues promotes autonomous seed development of the fis2 mutant. This suggests that
PcG proteins act in maternal integument tissues surrounding the female gametophyte to

restrict the development of autonomous seeds.

4.2. VRN2 and SWN Act in Sporophytic Tissues to Suppress Autonomous Seed

Formation

| tested the hypothesis that decreased dosage of PcG proteins in sporophytic
tissues enhances autonomous seed formation of fis2 by analyzing autonomous seed
development in a fis2/+ vrn2/- double mutant. In contrast to a double heterozygous fis2/+
vrn2/+ mutant that did not increase penetrance of autonomous seed formation (Figure 4-1
B), a strongly increased penetrance was observed in the fis2/+ vrn2/- double mutant
(Figure 4-1 B), supporting the idea that reduction of PcG function in sporophytic tissues
promotes autonomous seed development. The expression of VRN2 and SWN in
sporophytic tissues of the integuments was confirmed by studying expression of the

VRN2pro:VRN2-GUS and SWNpro:SWN-YFP reporter lines (Figure 4-2).
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Figure 4-2. Expression of VRN2 and SWN in the ovule integuments and the seed coat of
young seeds. Microscopy images of cleared (A and B) and sectioned (C and D)
VRN2pro:VRN2-GUS stained ovules (A, C) and young seeds (B, D). SWNpro:SWN-YFP
expression in the integuments (E) and the seed coat (F). Scale bar = 50 um.

Previous studies proposed that low penetrance of autonomous seed development

in the mea mutant is caused by functional redundancy of MEA and the MEA homolog SWN
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in the central cell (Wang et al., 2006). SWN is only weakly expressed in the central cell of
the female gametophyte but strongly expressed in sporophytic tissues (Wang et al., 2006;
Spillane et al., 2007) and (Figure 4-2 E), where it was previously shown to act redundantly

with CLF (Chanvivattana et al., 2004).
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Figure 4-3. Penetrance of autonomous seed development in mea and fis2 combined with
swn. (A) Percentage of autonomously developing seeds in the mea-8/+ single mutant and
double mutant of mea-8/+ with swn-3. (B) Percentage of autonomously developing seeds
in the fis2-5/+ single mutant and double mutant of fis2-5/+ with swn-3. Asterisks indicate
significant deviations from mea/+ (A) or fis2/+ (B) determined by ANOVA testing (p<0.001).
Numbers on top of each bar indicate analyzed siliques. Each silique contained on average
60 ovules or seeds.

In agreement with previous findings (Wang et al., 2006), the mea/+ swn/+ double
heterozygous mutant had strongly increased penetrance of autonomous seed
development in comparison to the mea single mutant (Figure 4-3 A). If MEA and SWN act
redundantly in the female gametophyte to suppress autonomous seed development, it is
expected that the mea/+ swn/- double mutant would have approximately twice as many
autonomously developing seeds compared to the mea/+ swn/+ double heterozygous
mutant. However, only a minor increase of autonomously developing seeds was observed
upon complete loss of SWN function, implicating that SWN, like VRN2 and EMF2, has a
role in sporophytic tissues to suppress autonomous seed development.

To further explore this idea | generated and analyzed fis2/+ swn/+ and fis2/+ swn/-
mutants that are affected in non-homologous PcG genes FIS2 and SWN. These double

mutant combinations caused a dramatic increase in autonomous seed formation to 37 %
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and 43 % compared to 7 % in the fis2 single mutant (Figure 4-3 B). Consequently, fis2/+
swn/- did not produce twice more autonomous seeds as fis2/+ swn/+ but only minor
increase in penetrance was observed. These additional results strongly support a

sporophytic role of SWN to suppress autonomous seed development.

4.3. FIS Genes Have a Non-Redundant Role after Fertilization

PHERES1 (PHE1) is a direct target gene of the FIS PcG complex and exclusively
expressed in the endosperm (Kohler et al., 2003b; Weinhofer et al., 2010). Loss of FIS2
function causes increased expression of PHE1 in the endosperm (Figure 4-4). Consistent
with the idea that FIS2 does not act redundantly with VRN2 and EMF2, expression levels of
PHE1 were similarly increased in seeds of single fis2 mutant as in double and triple
mutants of fis2 with vrn2 and emf2. Similarly, there was no relevant difference in the
expression of PHE1 as well as of a PHE1pro:PHE1-EGFP reporter line in the fie mutant
compared to the fis2 mutant (Figure 4-4), supporting the idea that FIS2 homologs do not
act redundantly in controlling expression of FIS target genes. Together with the fact that fis
mutants have a completely penetrant seed abortion phenotype, | conclude that FIS genes
play a non-redundant role in the endosperm after fertilization and propose that
differences among fis mutants prior to fertilization are caused by a haploinsufficient

requirement of FIE and MSI1 in suppressing seed coat development.
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Figure 4-4. Expression analysis of the FIS target gene PHE1 in seeds of fis mutants and
mutant combinations with vrn2 and emf2. (A) Quantitative RT-PCR analysis of PHE1
expression in wild type, fis2-1 and fie-2 single mutants, and fis2-1 in combination vrn2-1
and emf2-5 mutants. Error bars indicate SEM. (B) Expression of the PHE1pro:PHE1-EGFP
reporter gene in wild-type (wt), fis2-1 and fie-2 seeds at 3 DAP. Gray line depicts border
between seed coat and endosperm in wild-type. Bar = 50 um.

4.4. fis Mutants Form Two Classes of Autonomously Developing Seeds

All four fis mutants generate autonomous seeds. However, | noticed that aside
from the different penetrance of this phenotype, there were two distinct classes of
autonomously developing seeds. While most of the autonomously developing seeds in fis2
and mea remained small like unfertilized wild-type ovules (Figure 4-5 D and J), the majority
of autonomously formed seeds in fie and msil were much bigger (Figure 4-5 A, C, H and J).
The size of the autonomous seeds was not directly correlated with endosperm growth,
since | found small seeds with up to 64 nuclei and big seeds with as few as one, two or four
endosperm nuclei (Figure 4-5 D, F and G). Furthermore, | found a fraction of big seeds

without any visible endosperm nuclei (Figure 4-5 E).
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Figure 4-5. fis mutants form two classes of autonomously developing seeds. (A) Big
autonomous fie-2 seed with developed seed coat and endosperm. Inset window enlarged
in (B) shows five seed coat layers. (C) Proanthocyanidin accumulation in fie-2 seed. (D) A
small autonomous fis2-1 seed with developing endosperm but degenerated integuments.
(E) Big autonomous seed of fis2-5 swn-3 with developing seed coat but without visible
endosperm nuclei. (F) Autonomous fie-2 seed with developed seed coat and only two
endosperm nuclei (arrow heads). Arrow indicates egg cell nucleus. (G) Autonomous fis2-5
swn-3 seeds with developed seed coat and only four endosperm nuclei (arrow heads) (H)
Section of toluidine blue stained autonomous fie-2 seed. (A-H) Bar = 50 um. (l) Percentage
of autonomously developed seeds including seeds without endosperm nuclei visible in
fis2-5 and fis2-5 swn-3 double mutant. (J) Percentage of each class of autonomous seeds
(small — hatched and big non hatched) in respective genotypes (fis2-1, fie-2, mea-1 in
combination with emf2-5 and vrn2-1 for mutants in Ler background and mea-8, fis2-5 and
msil-1 in combination with swn-3 in Col background) determined at 7DAE. Numbers on
top of each bar indicate analyzed siliques.
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Lack of the endosperm nuclei in some of these seeds might result from a damage of the
sample occurred during its preparation process. However, these seeds were rarely
observed in the fie mutant, whereas much more abundant in double mutant of fis2 swn
(Figure 4-5 E and I).

The second striking difference concerns the development of the integuments.
Similar to unfertilized wild-type ovules, integuments of fis2 and mea autonomous seeds
did not progress in their development and degenerated about 5 DAE although they
contained developing endosperm (Figure 4-5 D). In stark contrast, integuments of big
autonomous seeds in fie and msil mutants differentiated into a seed coat with five clearly
distinguishable cell layers (Figure 4-5 B and H) that accumulated proanthocyanidins in the
endothelium layer (Figure 4-5 C) as a hallmark for seed coat development (Haughn and
Chaudhury, 2005).

These findings implicate that compromised sporophytic PcG function in fie and
msil mutants promotes autonomous seed coat development, suggesting that
sporophytically acting PcG complexes prevent development of the seed coat in the
absence of fertilization. In agreement with this hypothesis the majority of autonomously
developing seeds in fis2/+ vrn2/- , mea/+ vrn2/- and fis2/+ swn/- double mutants were big
and had developed seed coats (Figure 4-5 J). Partial loss of VRN2 in autonomous seeds of
fis2/+ vrn2/+ double mutants did not affect fis2 phenotype. However, lowered dosage of
SWN in mea/+ swn/+ and fis2/+ swn/+ dramatically influenced ratio of two classes of
autonomous seeds (Figure 4-5 J). Triple heterozygous plants fis2/+ vrn2/+ emf2/+ differed
from fis2 mostly in the number of autonomous seeds with developed seed coat, whereas
the number of small and degenerated autonomous seeds was comparable between both
genotypes (around 7%, Figures 4-1 B and 4-5 J). Together, | conclude that differences in
developmental potential of autonomous seeds are controlled by sporophytically acting

PcG complexes.

4.5. FIE is Haploinsufficient and Acts in Sporophytic Tissues to Suppress Seed Coat

Development

The strong penetrance of autonomous seed formation of the heterozygous fie
mutant suggests that FIE is a dosage-sensitive suppressor of integument development. |

tested this hypothesis by analyzing whether | could increase the penetrance of
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autonomous seed formation of the fie/+ mutant by additionally depleting VRN2 function.
Therefore, | generated and analyzed double mutants of fie with vrn2. Whereas about 20%
of autonomously developing seeds in the fie/+ mutant had early degenerating
integuments, almost all developing autonomous seeds in fie/+ vrn2/- had developed seed
coats (Figure 4-5 J). Thus, | conclude that incomplete penetrance of the fie mutant
phenotype is caused by remaining PcG function in sporophytic tissues. To further test the
hypothesis that FIE acts in sporophytic tissues to suppress autonomous seed development,
| expressed the FIE gene under control of the 35S promoter of the Cauliflower mosaic virus
(35S). The 35S promoter is active in sporophytic tissues but is generally considered not to

be active during the gametophytic stage (Acosta-Garcia and Vielle-Calzada, 2004).
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Figure 4-6. Integument-specific complementation of the fie-2 mutation abolishes seed
coat development in autonomous seeds. (A) Percentage of autonomously developed
seeds in fie-2 and fie-2 mutant expressing a wild-type copy of the FIE gene under control of
the 35S promoter. (B) Small autonomous seed from 35Spro:FIE; fie/+ line.

Consistently, expression of 35Spro:FIE in the fie/+ mutant did not complement the fie seed
abortion phenotype. Among 13 35Spro:FIE; fie/+ lines analyzed, | did not identify a line
with reduced numbers of aborted sexual seeds. However, | observed a complete
suppression of the formation of big autonomous seeds with developed seed coats (Figure
4-6), strongly supporting the hypothesis that FIE is haploinsufficient and acts in

integument tissues suppressing seed coat development.
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4.6. Loss of VRN2 Initiates Endothelium Development in the Absence of Endosperm

Development

Development of wild-type ovules is accompanied by cell divisions in all layers of
the integuments. This process decelerates in mature ovules at the time of anthesis. Ovules
at this stage await fertilization and if fertilization does not occur, they quickly degenerate
at about 5 DAE (Skinner et al., 2004) and (Figure 4-7 A and G), corresponding to about 3-4
days post anthesis. In contrast, if fertilization occurs, development of seeds is
accompanied by the fast growth of endosperm and seed coat (Figure 4-7 | and J). The
initial phases of seed coat growth are mainly characterized by cell expansion and
elongation rather than cell divisions (Garcia et al., 2005) and (Figure 4-7 J). | observed that
vrn2/- ovules did not degenerate at the same time as wild-type ovules. Clearings and
sections of unfertilized ovules revealed that even at 6 DAE vrn2 ovules were not
degenerated and five layers of integuments were clearly distinguishable (Figure 4-7 B, F, H
and C).

| investigated whether unfertilized vrn2/- ovules initiate seed coat development by
analyzing the formation of proanthocyanidins using vanillin staining. Whereas vanillin
staining in unfertilized wild-type ovules was rarely observed, more than half of all tested
vrn2/- ovules showed a strong staining in the micropylar region of the ovule (Figure 4-7 D,
K and L), which was, however, not accompanied by a size increase of vrn2/- ovules (Figure
4-7 E, F and M). Together, loss of VRN2 function initiates seed coat differentiation in
unfertilized ovules, supporting the view that PcG proteins suppress seed coat development
in the absence of fertilization. | tested whether seed coat development would also be
initiated in heterozygous vrn2/+, emf2/+ and double heterozygous vrn2/+ emf2/+ mutants.
Consistent with the finding that neither heterozygous vrn2/+ nor emf2/+ could enhance
the fis2 phenotype, | did not observe initiation of autonomous seed coat development in
both mutants (Figure 4-7 C). Similar to homozygous vrn2 ovules, about 22% of the ovules
of double heterozygous vrn2/+ emf2/+ mutants remained intact and did not collapse 6
DAE (Figure 4-7 C), supporting the view that the observed increased penetrance of
autonomous seed formation in fis2/+ vrn2/+ emf2/+ triple mutants (Figure 4-1 B) is caused

by depletion of PcG function in the integuments, promoting seed coat formation.
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Figure 4-7. Loss of VRN2 initiates endothelium development in the absence of endosperm
development. Microscopy images of cleared (A and B), sectioned (E-J), and vanillin stained
(K, L) ovules and autonomous seeds at 5 DAE (E, F, K, L), 6 DAE (A, B, G, H) and seeds at 0.5
DAP (1) and 2 DAP (J). (A, E, G, K, | and J) wild type (wt), (B, F, H, L) vrn2-1/-. Scale bar = 50
pum. (C) Percentage of ovules with non-degenerated five integument layers at 6 DAE, error
bars indicate SEM. (D) Percentage of wild-type and vrn2-1/- ovules stained with vanillin at
5 DAE, error bars indicate SEM. (M) Number of cells in the visual section (DIC microscopy)
of endothelium layer of wild-type, vrn2-1/+ and vrn2/- ovules from 0-5 DAE. Cells were
counted in triplicates.
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4.7. A Signal for Seed Coat Development is Generated by the Sexual Endosperm

Although data from several studies support a role of the endosperm in regulating
seed coat growth (Luo et al., 1999; Weijers et al., 2003; Garcia et al., 2005; Ingouff et al.,
2006), formal evidence for the sexual endosperm being sufficient for generating a signal
initiating seed coat development is missing. To define the origin of the signal initiating
seed coat development | investigated seeds of the kokopelli (kpl) mutant. The kp/ mutation
affects male gametogenesis, leading to the formation of single sperm cell male
gametophytes and random single fertilization events (Ron et al., 2010). Consequently,
seeds derived after fertilization with kp/ pollen frequently contain only embryos or only
endosperm, resulting from fertilization of egg or central cell, respectively (Figure 4-8 A and
B). Seed coat development of both seed classes was strikingly different, whereas seeds
containing only endosperm had normally developed seed coats (Figure 4-8 A and D), seeds
containing only an embryo did not initiate seed coat development and integuments
appeared similar as in unfertilized wild-type ovules (Figure 4-8 B and C). In this seed class
embryo development arrested at the globular stage and integuments degenerated at the
same time as in unfertilized wild-type ovules (Figure 4-8 E and F). Given that the
autonomously formed endosperm in fis2 and mea mutants is rarely sufficient to initiate
seed coat formation, | conclude that a signal initiating seed coat development in

Arabidopsis is derived from the sexual endosperm.
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Figure 4-8. The sexual endosperm generates a signal for seed coat development. (A) Seed
developing after fertilization with kpl-2 pollen at 3 DAP. Seed contains only endosperm
and no embryo. (B) Seed developing after fertilization with kpl-2 pollen at 3 DAP. Seed
contains only an embryo and no endosperm. (C) Unfertilized ovule shortly before
degeneration. (D) Seed developing after fertilization with wild-type pollen at 3 DAP.
Degenerating seed coat of wild type ovule at 6 DAE (E) and seed fertilized with kp/-2 pollen
at 6 DAP (F and G). Seed contains only an embryo and no endosperm. An arrow indicates
unfertilized egg cell nucleus. An arrowhead indicates unfertilized central cell nucleus.
Embryo (em), endosperm (en), scale bars = 50 um.
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4.8. A Signal for Seed Coat Development Depends on AGL62

Disruption of the signaling pathway from the endosperm to the seed coat is
expected to result in the formation of early arresting seeds containing embryo and
endosperm, but without a developed seed coat. Lack of the type | MADS-box transcription
factor AGL62 causes precocious endosperm cellularization after about 3-4 nuclei divisions
and early embryo arrest (Kang et al., 2008). Although agl62 seeds initiate embryo and
endosperm development, | found that this was generally not accompanied by seed coat

development (Figure 4-9 A and B).
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Figure 4-9. A signal for seed coat development depends on AGL62. (A, B) Sections of early
arresting agl62-2/- seeds at 3 DAP. (C) Section of late arresting agl62/- seed at about 5
DAP. (D) Percentage of different classes of seeds in the siliques of self-fertilized agl62/+
plants. (E, F) Confocal pictures of Feulgen stained agl62/- seeds, early and late arresting,
respectively. Arrow heads indicate endosperm nuclei. Endosperm cell walls are visible in
(E) but not (F). (G) Cleared ttn2 seed at 2 DAP. (H) AGL62pro:AGL62-GFP expression in
autonomous fie seeds at 4DAE. Scale bars = 50 um.
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Testing cellularization process in agl62/- seeds, 3 DAP with a use of sections and Feulgen
staining technique, | noted a minor fraction of agl62/- seeds arresting development later
with about 50 endosperm cells and a developed seed coat (Figure 4-9 C, D and E, F),
suggesting incomplete penetrance of the agl62-2 mutant phenotype. The majority of
agl62/- seeds did not initiate seed coat formation and had collapsed integuments after
about 3DAP (Figure 4-9 A and B), similar to the phenotype observed in autonomously
developing fis2 seeds (Figure 4-5 D) and kp/ seeds containing only embryo (Figure 4-8 B). It
is unlikely that failure of seed coat initiation is a consequence of endosperm proliferation
failure, as seed coat development is clearly initiated in the titan 2 (ttn2) mutant that has
severe endosperm proliferation defects and arrests development containing a comparable
number of endosperm nuclei as the agl62 mutant (Figure 4-9 G and (Liu and Meinke,
1998)). This strongly implicates that AGL62 is required in the endosperm to initiate seed
coat formation.

| analyzed AGL62 expression in wild-type seeds after fertilization and
autonomously developing fie seeds using a translational fusion of the AGL62 gene under
control of the native promoter fused to GFP. This construct completely complemented the
agl62 mutant phenotype, indicating that the AGL62pro:AGL62-GFP expression reflects the
native AGL62 expression pattern. In wild-type as in autonomously developing fie seeds
AGL62 remained exclusively expressed in endosperm nuclei (Figure 4-9 H), indicating that

AGL62 is rather required to form the mobile signal than being the mobile signal itself.

4.9. PHE1 is not Necessary for AGL62 Activity in the Endosperm

According to (Kang et al., 2008) and my own AGL62pro:AGL62-GFP expression
studies AGL62 gets activated in the endosperm only after fertilization. In agreement with
Kang and colleagues | did not detect any GFP signal in unfertilized central cell of the wild-
type, neither in additionally tested fis2 mutant ovules. Together with the fact that AGL62 is
not imprinted but expressed bi-allelically (Kang et al., 2008) it suggests an imprinted
nature of its activator. PHE1 is endosperm specific, imprinted gene, expressed
predominately from the paternal allele only after fertilization. PHE1 has been shown to
physically interact with AGL62 in yeast two-hybrid studies (deFolter et al., 2005). To test
whether PHE1 is an activator necessary for AGL62 functional activity | examined phel/-

seeds and seeds derived from agl62/+ pollinated with phel/- mutant pollen.
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agl62/- x wt agl62/- x phe1/-

Figure 4-10. PHE1 is not essential for AGL62 activity. Cleared seeds coming from the cross
of agl62-2/- with wild-type (wt) plant (A) and phel-1/- (B) inspected at 3 DAP.

Reducing the dosage of AGL62 by using agl62/+ plant as a mother could possibly sensitize
the system and allow detection of a synergistic effect in the double mutant combination.
However, | did not identify any seed with agl62/- phenotype neither in phel/- mutant nor
in the several siliques of agl62/+ pollinated with phel/- (Figure 4-10), suggesting that PHE1
is not necessary for AGL62 activity. However, functional redundancy of PHE1 with PHE2

might obscure the interpretation of this phenotype.

4.10. AGL62 is a Negative Regulator of Fertilization Independent Seed Development

The results of this study implicate that AGL62 controls not only timing of
endosperm cellularization but also affects formation of the signal for seed coat
development. Therefore, | investigated how the agl/62 mutation affects these processes in
autonomously developing seeds of the fie mutant. | anticipated this double mutant to
show early symptoms of cellularization or a completed cellularization process in
autonomously developing endosperm, accompanied by an undeveloped and degenerated
seed coat. Surprisingly, | found strongly reduced penetrance of the FIS phenotype in fie/+
agl62/+ mutant (Figure 4-11). The number of autonomous seeds was reduced by half,
indicating that every fie ovule inheriting an agl62 mutation was arrested at the very
beginning of autonomous seed development even before the first division of the central

cell.
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Figure 4-11. Loss of AGL62 suppresses fie autonomous endosperm development.
Percentage of autonomously developing seeds in fie-12/+ and fie-12/+ agl62-2/+ double
mutant.

These data strongly suggest that AGL62 is required for autonomous endosperm
development. Importantly, it reveals that AGL62 gene is expressed and active in the
central cell of the female gametophyte before fertilization, although it could not be
detected with use of the AGL62pro:AGL62-GFP expressing line in our group neither by
Kang and colleagues (Kang et al., 2008).

4.11. Transcriptional Profiling of Early Developing Seeds and Mature Ovules

To investigate the molecular bases of seed coat development, | performed
transcriptional profiling of wild-type and emf2-5/+ vrn2/- mutant ovules and early
developing wild-type seeds. Wild-type seeds were collected at 2 DAP, corresponding to the
first moment when elongation of seed coat cells was clearly visible. Mutant ovules
showing symptoms of seed coat development were collected together with wild-type
ovules at 4 DAE, before wild-type integuments showed any signs of degeneration. |
compared the transcriptional profiles of developing seeds and wild-type ovules as well as
the profiles of wild-type and mutant ovules. | anticipated that genes being upregulated
after fertilization in wild-type seeds might as well being upregulated in PcG mutant ovules
initiating autonomous seed coat development. There are two possible hypotheses

explaining the autonomous onset of seed coat development in PcG mutants, (i) loss of PcG
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function causes the formation of the seed coat initiation signal, and (ii), loss of PcG
function causes the initiation of the processes downstream of the signal, without initiating
signal formation. | found 551 genes being similarly upregulated (SLR>0.6, p<0.05) in both
comparisons, of which 128 genes were not significantly expressed before fertilization
(Appendix, Table 7-1). These genes were significantly enriched for genes regulating cell
wall loosening and modification, as well as protein regulating cell growth and cell size,
consistent with the observation that loss of PcG function initiates seed coat development

(Table 4-1).

Table 4-1. GO categories of genes upregulated in wild-type young seeds and emf2/+ vrn2/-
ovules and not expressed before fertilization.

N
GO-term p-value JLuli Definition
of genes

Functions

G0:0016891 6.33E-04 3 endoribonuclease activity, producing 5'-phosphomonoesters
endonuclease activity, active with either ribo- or

G0:0016893 6.87E-04 3 deoxyribonucleic acids and producing 5'-phosphomonoesters
G0:0019887 7.43E-04 3 protein kinase regulator activity

G0:0019207 8.02E-04 3 kinase regulator activity

G0:0004521 1.66E-03 3 endoribonuclease activity

G0:0004519 4.33E-03 3 endonuclease activity

G0:0004540 6.06E-03 3 ribonuclease activity

Processes

G0:0009828 5.34E-04 3 cell wall loosening (sensu Magnoliophyta)

G0:0009827 6.87E-04 3 cell wall modification (sensu Magnoliophyta)
G0:0042545 1.35E-03 4 cell wall modification

G0:0009826 1.56E-03 4 unidimensional cell growth

G0:0016049 4.58E-03 4 cell growth

G0:0008361 5.18E-03 4 regulation of cell size

GO:0009831 6.04E-03 ) c(tz!r:/\;illhlr;r;c;:i(iilci:s;iﬁ:t:)uring multidimensional cell growth
G0:0042547 7.03E-03 2 cell wall modification during multidimensional cell growth

G0:0051726 8.68E-03 3 regulation of cell cycle
G0:0040007 9.62E-03 4 growth

Compartments

G0:0005618 9.40E-04 6 cell wall

G0:0030312 1.02E-03 6 external encapsulating structure

| tested how many of those genes are marked by H3K27me3, using publicly available
datasets generated from seedlings and adult plants (Zhang et al., 2007; Oh et al., 2008). Of
the 128 deregulated genes 111 genes are present on the ATH1 microarray; of those 35

genes are marked by H3K27me3 (P>0.05). Thus, there is no significant enrichment for PcG
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target genes among the set of deregulated genes, implicating that many of the
deregulated genes are downstream target genes of PcG target genes. Genes being marked
by H3K27me3 are enriched for transcription factors as well as genes responsive to
hormones (Table 4-2), among them are two auxin responsive genes and two genes
responsive to jasmonic acid and ethylene. To explore whether indeed hormones form the

signal will be part of future investigation.

Table 4-2. GO categories of genes enriched for H3K27me3, upregulated in wild-type young
seeds and emf2/+ vrn2/- ovules and not expressed before fertilization.

GO Term p value Number of genes  Definition

G0:0003700 1.56E-03 Transcription factor activity
G0:0030528 2.92E-03 Transcription regulator activity
G0:0003677 8.13E-03 DNA binding

G0:0044275 8.38E-03 cellular carbohydrate catabolic process
G0:0016052 8.38E-03 Carbohydrate catabolism

G0:0009725 9.35E-03 Response to hormone stimuli
G0:0009723 1.37E-02 Response to ethylene stimuli

N B NN OO OO 0
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5. DISCUSSION

5.1. Seed Coat Initiation is regulated by Sporophytically Acting PcG proteins

The FIS PcG complex prevents the formation of autonomous development by
repressing divisions of the central cell in the absence of fertilization. In this study | could
show that initiation of seed development is controlled by PcG proteins on another level
that was not identified previously. While specific impairment of FIS function in fis2 and
mea mutants elicits autonomous replication of the central cell, it fails to efficiently initiate
seed coat development. In contrast, concomitant loss of FIS function as well as
compromised function of sporophytic PcG complexes in the integuments initiates
formation of autonomous seeds containing endosperm as well as seed coat. The
percentage of autonomously developing seeds has been determined for different FIS
mutant alleles: fie (Ler) 47% (Ohad et al., 1996), mea-3 (Ler) 7.5%, (Col) 10.3% (Kiyosue et
al., 1999), msi1-1 (Col) 41.2% (Kohler et al., 2003a), msi1-3 40.9% (Ngo et al., 2007), mea-3
(backcrossed to Col) 3.09-11.82 % (Wang et al., 2006), mea-1 (Ler) 12.8%, mea-8 (Col)
28.7% (Ngo et al., 2007). Data obtained in this study reflect the same trend as observed in
previously published experiments - high penetrance of the FIS phenotype in mutants
affected in the gametophytically and sporophytically active genes FIE and MSI1, and much
weaker effect in mutants affected in the specifically gametophytically active genes FIS2
and MEA. In my study | obtained generally lower values for the autonomous endosperm
penetrance in the mea mutation than previously published. One possible explanation for
this difference is the use of a different method of counting autonomous seeds. Here, the
requirement for autonomous seed to be counted was the presence of at least four
endosperm nuclei. In wild-type as well as in fis mutant ovules two polar nuclei could be
observed in the central cell before fertilization. In order not to account central cell polar
nuclei as a pair of endosperm nuclei originating from the first division of the central cell
nucleus, | decided to only count autonomous seeds in which the central cell nucleus had
undergone at least two mitotic divisions. This might have potentially lowered the values
obtained for fis2 and mea that more frequently than fie and msil show low number of
endosperm nuclei in autonomous seeds. Another factor influencing the penetrance of the
FIS phenotype is the accession background. Previous studies as well as my data reveal that

alleles in the Col background have a higher potential for fertilization independent seed
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formation than those obtained in Ler, e.g. fie-2 in Ler 26% and fie-12 in Col 38%. Hence, for

all experiments only mutants within the same accession background were used.

5.2. VEFS Domain proteins FIS2, EMF2 and VRN2 do not Act Redundantly in the

Female Gametophyte neither in the Endosperm

Several Arabidopsis PcG genes acting in sporophytic tissues act redundantly. It has
been suggested that the low penetrance of fis2 and mea mutants to form autonomous
endosperm is caused by redundant action of FIS2 homologues EMF2, VRN2 and the MEA
homolog SWN (Kiyosue et al., 1999; Chanvivattana et al., 2004; Wang et al., 2006). Here |
show that FIS2 does not act redundantly with EMF2 and VRN2 in the female gametophyte
and neither in the developing endosperm. If EMF2 and VRN2 could replace the function of
FIS2 in the central cell of the female gametophyte, the phenotype of the double mutants
fis2/+ emf2/+ and fis2/+ vrn2/+ should be enhanced and increased penetrance of
autonomous seed formation would be expected. Furthermore, if homologues could
replace FIS2 in the FIS complex during endosperm development, complete de-repression
of the FIS target gene PHE1 would only be possible in the double or triple mutant and fis2
single mutants should not have a completely penetrant seed abortion phenotype.
However, none of these predictions hold true. Moreover, a strong enhancing effect of the
swn mutation on mea and fis2 autonomous seed penetrance supports the view that loss of
SWN causes a sporophytic effect rather than a gametophytic effect by redundant action.
Whereas the homologous proteins MEA and SWN could act redundantly, redundant action
of SWN and FIS2 is rather unlikely as FIS2 is a different type of protein with different
functional domains. The effect of the homozygous, sporophytic affect of the vrn2/-
mutation on fis2 and mea phenotype adds additional support to the hypothesis that
sporophytically acting PcG proteins repress development of autonomous seeds. Of
particular importance is the phenotypic change of autonomous seeds observed in mea
vrn2/-, a combination mutants in two non-homologues genes similar to the fis2 swn
mutant. My analysis of heterozygous fie as well as double heterozygous emf2 and vrn2
mutants revealed that sporophytic PcG complexes are haploinsufficient to suppress
autonomous seed coat formation, revealing a dosage-sensitive function of plant PcG
proteins similar to the fine-tuned dosage-sensitive requirement of PcG proteins in animals

(Mollaaghababa et al., 2001). Haploinsufficiency of the double heterozygous emjf2/+
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vrn2/+mutant depleted in two redundantly acting genes, explains enhancement of the FIS
phenotype in the triple heterozygous mutant fis2/+ emf2/+ vrn2/+. The strongest support
for non-redundant action of FIS2, EMF2 and VRN2 was derived by expression of EMF2 and
VRN2 genes driven by the FIS2 promoter in the fis2 mutant. EMF2 and VRN2 did not
rescue fis2 seed abortion after fertilization, strongly supporting the view that EMF2 and

VRN2 are not components of the FIS complex even in the absence of the FIS2 protein.

5.3. Autonomous Seeds of fie and msil Develop a Seed Coat Due to their Role in

Sporophytic Tissues

Fertilization independent seeds are characterized by autonomously developing
endosperm, however, based on the development of the seed coat they can be grouped
into two subclasses. While most of the autonomous seeds in fie and msil mutants initiate
development of the seed coat, this is not the case for most of autonomous seeds of fis2
and mea. The seed coat of autonomously developing seeds does not differ from wild-type
seed coat in its early developmental stages. Proanthocyanidin biosynthesis — a hallmark of
seed coat development initiation is detectable early in all cells of the endothelium. Two
subsequent layers of the inner integument undergo programed cell death like in wild-type
fertilized seeds. Also the outer integument differentiates and the columella structures are
detectable in the cells of the outer seed coat layer. These morphological features of the
seed coat of autonomous seeds are indistinguishable from normal zygotic seeds
(Chaudhury et al., 1997). Although fis2 and mea mutants produce autonomous seeds, |
observed that only a minor fraction initiates seed coat development. Seven days after
emasculation when siliques were dissected and investigated for autonomous seed
development, the integuments of fis2 and mea autonomous seeds were degenerated. All
five layers surrounding the developing endosperm collapsed, often forming a thick layer of
cell walls that were protecting the developing seed from complete collapse. The process of
integument degeneration in fis2 and mea resembles the degeneration of the integuments
in unfertilized ovules. In the absence of fertilization the mature wild-type ovules persisted
unaffected until the 4th-5th day after emasculation, corresponding to about 2-3 days post
anthesis. After that time cell layers of both integuments quickly collapsed. Degeneration of
unfertilized ovules correlates in time with degeneration of the papilla cells of the stigma.

These two processes together limit the time when pollination and fertilization can occur
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while increased longevity of these organs is a desirable agronomic trait (Carbonell-

Bejerano et al., 2010).

5.4. The Requirement of the Seed Coat Initiation Signal is Partially Bypassed in PcG

Mutants

The results from this work strongly suggest that upon fertilization a mobile signal is
formed in the endosperm that migrates to the integuments and relieves PcG repression at
specific target loci. The importance of the endosperm for seed coat development has been
implicated before (Garcia et al., 2003; Weijers et al., 2003; Garcia et al., 2005; Luo et al.,
2005; Ingouff et al., 2006), however, this study makes a significant advance revealing that
the sexual endosperm is required for seed coat formation, whereas asexually formed
endosperm rarely suffices to initiate its formation. This implicates that signal formation is
initiated after fertilization and that formation of the signal is not or not sufficiently
initiated in the asexual endosperm of fis mutants. To test if the seed coat develops
independently of endosperm formation in PcG deficient mutants | investigated the
sporophytic role of VRN2 and FIE. While unfertilized wild-type ovules collapsed quickly
after anthesis, homozygous vrn2 mutant ovules persisted longer and initiated
proanthocyanidin synthesis, indicating onset of seed coat development. Consistently,
expression of a 355pro:FIE construct in the integuments suppressed development of the
seed coat but not of the endosperm in the autonomously developing seeds. Together, |
demonstrated that seed coat formation is initiated in mutants of sporophytically acting
PcG genes, implicating that upon loss of sporophytic PcG function formation of a signal is
initiated in the integuments independently of a sexual endosperm. Alternatively, processes
downstream of the signal are initiated upon loss of PcG function. Importantly though, loss
of sporophytic PcG function only initiates proanthocyanidin formation as one of the first
detectable processes of seed coat differentiation, whereas complete differentiation of
seed coat layers was not observed. Interestingly, preliminary data of the analysis of a fis2
swn/- double mutant suggests that seed coat development can proceed beyond initial
proanthocyanidin synthesis in the absence of a developing endosperm. Observation of
autonomous seeds with developed seed coat but without visible endosperm nuclei
implicate that indeed seed coat development can occur without a developing endosperm.

However, detailed further studies are required to substantiate these findings.
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5.5. Central Role of AGL62 in the Process of Signal Formation

Analysis of the literature describing mutants affected in integument growth and
differentiation revealed a number of mutants with seeds containing early arrested
globular embryos, not dividing central cells and early degenerating integuments. Published
data are consistent with the hypothesis that seed coat development is induced by the
growing endosperm and not the embryo (Figure 5-1). Finally, | discovered the type |
MADS-box transcription factor AGL62 as a candidate for being a central component
required for the formation of the mobile signal. Seeds lacking AGL62 fail to initiate seed
coat formation, similar to autonomously developing fis2 and mea seeds as well as seeds
containing only a developing embryo but no endosperm. It is unlikely that this is a
consequence of agl62 endosperm proliferation failure and early endosperm cellularization,
as the ttn2 mutant that is defective in nuclear proliferation still develops a normal seed
coat. Conversely, defects in seed coat growth negatively impact on endosperm growth
(Garcia et al., 2003; Garcia et al., 2005), implicating that impaired seed coat development
is cause rather than consequence of early agl62 endosperm arrest. Furthermore, | could
show that AGL62 is unlikely to be the signal itself, as expression of AGL62-GFP after
fertilization remained confined to the endosperm and was not detected in the seed coat.
AGL62 has been shown to interact with type | MADS-box proteins including the specifically
paternally expressed PHERES1 (de Folter et al., 2005), suggesting that an AGL62 containing
protein complex is required to activate downstream target genes to form the seed coat
initiation signal. When tested, the phel mutation did not show a phenotype similar to
agl62, likely because PHE1 acts redundantly with its close homologue PHE2. The effect of
the agl62 mutation on seed development turned out to be even stronger when analyzed in
autonomous seeds. In combination with fie, mutant ovules of fie agl62 genotype did not
even initiate divisions of the central cell. This indicates that AGL62 is expressed in the
central cell before fertilization, although AGL62-GFP was only detected in the endosperm
after fertilization. Furthermore, it implicates the presence of additional factors in the
fertilized zygote that enable initiation of endosperm development after fertilization in
agl62 mutant seeds. AGL62-GFP reporter line analysis revealed a GFP signal in antipodal
cells in the developing female gametophyte before fertilization ((Kang et al., 2008) and my
observation). It is possible that before fertilization the AGL62 protein is expressed in the

central cell but lacks binding partners that would facilitate its transportation to the central
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cell nucleus. At the same time AGL62 could be transported to antipodal cells by interacting
partners. Why AGL62pro:AGL62-GFP is not detected in the central cell nucleus before
fertilization where it is indispensable for the process of autonomous endosperm formation
remains to be elucidated. Nuclear localization of another, central cell specific, type | MADS
box protein AGL61 depends on the presence of the AGL80 protein, which has been shown
to interact also with AGL62 in yeast two-hybrid experiments (Kang et al., 2008; Steffen et
al., 2008). Together, it indicates that the described AGL proteins are transported to the
nucleus in complexes, in a tightly regulated way and only at the time when they are

needed to facilitate central cell nucleus and endosperm development.

Figure 5-1. Seeds without an endosperm do not develop a seed coat. (A and B) Single
fertilization event in ovules fertilized with pollen expressing Diphtheria Toxin A (Frank and
Johnson, 2009) (C) Embryo development in wild type-plant fertilized with fb/17-1 mutant
(Gusti et al., 2009) (D) glc seed without endosperm and with embryo arrested at octan
stage (Ngo et al., 2007) (E) atcdc5-1 (-/-) seed at 72 hours after pollination (Lin et al.,
2007), (F) Embryo at globular stage in fb/17 mutant seed (Kim et al., 2008) (G) Collapsed
seed containing heart stage embryo and diphtheria toxin-mediated ablation of the
endosperm (Weijers et al., 2003) (H) Single fertilization event in msil mutant. Seed with an
embryo but without endosperm, 3 DAP. At the side of the embryo the nucleus of central
cell that remains unfertilized is still observed (Chen et al., 2008)
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5.6. A Signal from the Sexual Endosperm Initiates Seed Coat Cell Elongation

Growth of plant tissues is generally characterized by two phases: initial
proliferation and subsequent cell elongation. Shoot lateral organs are initiated at the shoot
apical meristem from a group of long-living stem cells and their immediate daughters at
the growing tip of the plant. Before floral transition, the meristem produces leaves, while
after that change the shoot meristem gives rise to floral meristems, which then initiate
floral organs. After initiation, the organs grow by cell proliferation which encompasses
coupled accumulation of cytoplasmic mass, increase in cell size, and subsequent cell
division giving rise to two daughter cells. Eventually, proliferation ceases and further
growth occurs by cell expansion until the final size and shape is reached. The cell cycle
control that underlies the proliferative phase of organ growth is much better studied and
understood than the process of cell elongation. The list of transcription factors being
involved in the control of the cell divisions is much longer than the very limited number of
known factors controlling initiation of the cell expansion (Breuninger and Lenhard, 2010).
The process of cell expansion is driven by loosening of cell walls and uptake of water into
the vacuole. Down-regulation of the cell wall associated expansin proteins that are
responsible for breaking noncovalent bonds between cell wall polysaccharides, leads to
reduced cell wall extensibility and in turn reduced cell and organ size (Cho and Cosgrove,
2000). Cell growth is also accompanied by endoreduplication, increasing the ploidy level of
cells. There is a positive correlation between cell size and DNA content, thus mutations in
genes regulating endoreduplication like FIZZY-RELATED (FZR) indirectly cause a reduction
of cell size (Larson-Rabin et al., 2009). DELLA proteins are another group of factors
inhibiting cell elongation (Schwechheimer and Willige, 2009). They specifically block the
DNA-binding domain of PHYTOCHROM INTERACTING FACTORs (PIFs), a subfamily of bHLH
transcription factors that are involved in the regulation of light-regulated genes (de Lucas
et al.,, 2008). Control of the well-studied process of hypocotyl elongation in the dark
involves the action of these genes. DELLA protein degradation is induced by the
phytohormone gibberellic acid (GA), causing activation of PIFs and resulting in expansion
of the hypocotyl cells in the absence of light. In the light PIFs are rapidly degraded, causing
termination of cell expansion. DELLA proteins are also degraded by auxin (Fu and Harberd,
2003) and stabilized by ethylene (Achard et al., 2003), indicating an integrative role of

these proteins in the responses to hormones and environmental cues. Whether any of
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these regulatory processes is a primary target of the signal originating from the sexual
endosperm remains to be elucidated.

Signaling from the sexual endosperm to the surrounding integuments induces their
growth in all cell layers. Previous studies reported that signal-induced initial growth of the
seed coat combines mitotic cell divisions as well as cell expansion (Western et al., 2000)
and (Garcia et al., 2005). In my study | show that in the absence of fertilization the
maturing wild-type ovule undergoes rapid mitotic divisions and that this process declines
after the time of anthesis (2-3 DAE), but does not terminate immediately. Garcia and
colleagues observed ceasing of mitotic divisions at 3 DAP, what in their study corresponds
to 3.5 DAE. There is no obvious change in endothelium cell numbers of mature ovules and
developing seeds (pictures from the figure 4-4 E, H and J), suggesting that mitotic divisions
during early seed coat development are independent from any signal sent by the sexual
endosperm. Conversely, induction of cell expansion and differentiation fully relies on the
perception of the signal. The signal is unlikely to involve increased mechanical pressure
through endosperm growth, as | observed enlarged autonomous seeds containing only
two or four endosperm nuclei and small seeds without developing seed coat containing up

to 64 nuclei.

5.7. Are Plant Hormones Involved in Endosperm - Seed Coat Signaling?

One of the first detectable changes in the developing seed coat is accumulation of
proanthocyanidins in the endothelium layer. PA biosynthesis starts in the cells surrounding
the micropylar endosperm and proceeds in a wave-like manner throughout the
endothelium until it reaches the opposite end surrounding the chalazal endosperm
(Debeaujon et al., 2003). The PA accumulation pattern suggests initial signaling from the
fertilized central cell or early endosperm to the neighboring integument cells. Does
spreading of PA accumulation in the seed coat reflects continuous signalling from the
developing endosperm or does it result from signal amplification within the cells of the
seed coat independently from the endosperm? To distinguish between both possibilities
will require knowing the nature of the signal. Transmission electron microscopy of osmium
tetroxide stained seeds revealed the presence of an electron-dense, lipid layer on the
endothelium surface facing the embryo sac (Beeckman et al., 2000). This cell wall

impregnation has been considered as an original cuticle of the inner integument and it was
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not found on the other integument layers at any time. It raises the question whether
signals from the endosperm can pass through this barrier and stimulate growth of the
integuments. On the other hand it is believed that although there are no symplastic
connections between the inner integument and the endosperm, assimilates, like sucrose
are delivered from the phloem through the outer and subsequently inner integuments to
the endosperm and embryo using active transporters (Stadler et al., 2005). The absence of
plasmodesmata connections between seed coat and endosperm would rather rule out the
possibility of small RNA signaling between endosperm and seed coat since their
intercellular movement relies on plasmodesmata connections (Kehr and Buhtz, 2008).
Transcriptional profiling of unfertilized ovules and early wild-type seeds as well as
ovules of the vrn2 emf2 mutant with first symptoms of endothelium differentiation gave
first hints about the possible nature of the signal. Initial data mining revealed that
upregulated genes involved in cell wall loosening and modification and cell growth were
not regulated by GA or IAA treatment, implicating that GA and IAA are unlikely to be part
of the signal (Hruz et al., 2008). Most of the genes commonly deregulated in the wild-type
seeds and mutant ovules were highly upregulated after treatment with Jasmonic Acid (JA),

suggesting a possible link of the signal with JA signalling.
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7. Appendix

Table 7-1. List of the genes being commonly upregulated in the wild-type seeds 2 DAP and

emf2-5/+ vrn2/- ovules 4 DAE which were not significantly expressed before fertilization.

AT5G14700
AT3G28455
AT2G10940
AT4G29360
AT3G56220
AT5G09980
AT5G67150
AT2G45680
AT1G14840
AT2G26440
AT2G33735
AT4G37650
AT3G12270
AT2G20560
AT5G10920
AT1G75030
AT2G47930
AT2G44640

AT2G16780
AT2G29570

AT3G02640
AT3G25940

AT5G49560
AT1G78370

AT5G04530
AT2G02080
AT4G28310
AT5G05620
AT1G09812
AT3G56710
AT1G72240
AT4G18970
AT3G12920
AT3G52630
AT1G08845
AT5G17660
AT3G05600
AT2G03090
AT1G47670

cinnamoyl-CoA reductase-related

"CLE25 (CLAVATA3/ESR-RELATED 25); receptor binding"

protease inhibitor/seed storage/lipid transfer protein (LTP) family protein
glycosyl hydrolase family 17 protein

transcription regulator

PROPEP4 (Elicitor peptide 4 precursor)

transferase family protein

TCP family transcription factor, putative

"ATMAP70-4 (microtubule-associated proteins 70-4); microtubule binding"
pectinesterase family protein

DNAIJ heat shock N-terminal domain-containing protein

"SHR (SHORT ROOQT); transcription factor"

methyltransferase

DNAJ heat shock family protein

argininosuccinate lyase, putative / arginosuccinase, putative

ATLP-3 (Arabidopsis thaumatin-like protein 3)

AGP26/ATAGP26 (ARABINOGALACTAN PROTEINS 26)

NA

MSI2 (NUCLEOSOME/CHROMATIN ASSEMBLY FACTOR GROUP C 2)
"PCNA2 (PROLIFERATING CELL NUCLEAR ANTIGEN 2); DNA binding / DNA polymerase
processivity factor"

NA
transcription factor S-1l (TFIIS) domain-containing protein

NA
"ATGSTU20 (Arabidopsis thaliana Glutathione S-transferase (class tau) 20);
glutathione transferase"

beta-ketoacyl-CoA synthase family protein

"ATIDD4 (ARABIDOPSIS THALIANA INDETERMINATE(ID)-DOMAIN 4); transcription factor"
NA

"ATGCP2/TUBG2 (GAMMA-TUBULIN); structural molecule"
NA

"SIB1 (SIGMA FACTOR BINDING PROTEIN 1); binding"

NA

GDSL-motif lipase/hydrolase family protein

protein binding / zinc ion binding

NA

structural constituent of ribosome

methyltransferase

epoxide hydrolase, putative

ATEXPA15 (ARABIDOPSIS THALIANA EXPANSIN A15)

amino acid transporter family protein
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AT1G17430 hydrolase, alpha/beta fold family protein

AT2G33510 protein binding

AT5G57440 "GS1 (GLYCEROL-3-PHOSPHATASE 2); hydrolase"

AT3G52750 "FTSZ2-2 (FtsZ2-2); structural molecule"

AT3G13740 URF 4-related

AT5G50150 NA

AT1G66430 pfkB-type carbohydrate kinase family protein

AT1G64185 lactoylglutathione lyase family protein / glyoxalase | family protein
AT5G40080 60S ribosomal protein-related

AT2G37510 RNA-binding protein, putative

AT1G53520 chalcone-flavanone isomerase-related

AT1G14720 "XTR2 (XYLOGLUCAN ENDOTRANSGLYCOSYLASE RELATED 2); hydrolase,
acting on glycosyl bonds"

AT2G45340 leucine-rich repeat transmembrane protein kinase, putative

AT1G07370 "PCNA1 (PROLIFERATING CELLULAR NUCLEAR ANTIGEN); DNA binding / DNA

polymerase processivity factor"
AT2G48030 endonuclease/exonuclease/phosphatase family protein
AT3G13674 NA
AT1G26770 ATEXPA10 (ARABIDOPSIS THALIANA EXPANSIN A10)
AT5G56530 NA

AT1G69530 ATEXPA1 (ARABIDOPSIS THALIANA EXPANSIN A1)
AT2G44840 "ATERF13/EREBP (ETHYLENE-RESPONSIVE ELEMENT BINDING FACTOR 13);
DNA binding / transcription factor"

AT4G26790 GDSL-motif lipase/hydrolase family protein

AT1G09440 protein kinase family protein

AT4G24780 pectate lyase family protein

AT1G08560 "SYP111 (syntaxin 111); SNAP receptor"

AT4G16980 arabinogalactan-protein family

AT3G18850 "LPATS; acyltransferase"

AT4G32980 "ATH1 (ARABIDOPSIS THALIANA HOMEOBOX GENE 1); transcription factor"

AT2G27775 NA

AT2G31725 NA

AT4G01790 ribosomal protein L7Ae/L30e/S12e/Gadd45 family protein / ribonuclease P-related
AT4G23820 glycoside hydrolase family 28 protein / polygalacturonase (pectinase) family protein
AT2G01520 MLP328 (MLP-LIKE PROTEIN 328)

AT1G02370 pentatricopeptide (PPR) repeat-containing protein

AT3G51240 "F3H (TRANSPARENT TESTA 6); naringenin 3-dioxygenase"

AT3G10150 "ATPAP16/PAP16 (purple acid phosphatase 16); acid phosphatase/ protein serine/threonine
phosphatase"

AT3G48490 NA

AT3G13175 NA

AT1G14440 "ATHB31 (ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 31); transcription factor"
AT2G04530 CPz

AT2G43550 trypsin inhibitor, putative

AT3G22886 "MIR167A; miRNA"

AT2G26760 "CYCB1;4; cyclin-dependent protein kinase regulator"

ATAG22212 NA

AT1G22250 NA

AT1G23750 DNA-binding protein-related
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AT5G62840
AT4G34800
AT4G10470
AT5G03545
AT1G70210
AT2G36145
AT5G66800
AT5G67180
AT5G06150
AT5G47240
AT1G52040
AT5G54490
AT5G02890
AT1G26210
AT1G62480
AT1G15260
AT4G16140
AT4G13840
AT5G25830
AT5G41460
AT2G22170
AT1G22330
AT4G15210
AT1G55205
AT1G79110
AT5G08330
AT1G31320
AT3G58850
AT5G55620
AT4G29905
AT5G62627
AT5G44420
AT4G30410
AT1G04520
AT1G64780
AT2G32487
AT3G28220
AT1G09470
AT1G25220
AT5G46690
AT4G21870
AT4G30650
AT2G41090
AT4G34760

phosphoglycerate/bisphosphoglycerate mutase family protein
auxin-responsive family protein

NA

unknown protein

"CYCD1;1 (CYCLIN D1;1); cyclin-dependent protein kinase regulator"

NA

NA

AP2 domain-containing transcription factor, putative

"CYC1BAT (CYCLIN B 1;2); cyclin-dependent protein kinase regulator"
"ATNUDTS8 (Arabidopsis thaliana Nudix hydrolase homolog 8); hydrolase"
MBP1 (MYROSINASE-BINDING PROTEIN 1)

"PBP1 (PINOID-BINDING PROTEIN 1); calcium ion binding"

transferase family protein

NA

vacuolar calcium-binding protein-related

NA

proline-rich family protein

transferase family protein

zinc finger (GATA type) family protein

fringe-related protein

lipid-associated family protein

RNA binding

"ATBETA-AMY (BETA-AMYLASE); beta-amylase"

NA

protein binding / zinc ion binding

TCP family transcription factor, putative

LBD4 (LOB DOMAIN-CONTAINING PROTEIN 4)

"PAR2 (PHY RAPIDLY REGULATED 2); transcription regulator"

NA

NA

NA

PDF1.2 (Low-molecular-weight cysteine-rich 77)

transcription factor

33 kDa secretory protein-related

"ATAMT1;2 (AMMONIUM TRANSPORTER 1;2); ammonium transmembrane transporter"
unknown protein

meprin and TRAF homology domain-containing protein / MATH domain-containing protein
NA

"ASB1 (ANTHRANILATE SYNTHASE BETA SUBUNIT 1); anthranilate synthase" (auxin)
"BHLHO71 (BETA HLH PROTEIN 71); DNA binding / transcription factor"
26.5 kDa class P-related heat shock protein (HSP26.5-P)

hydrophobic protein, putative / low temperature and salt responsive protein, putative
calmodulin-like calcium-binding protein, 22 kDa (CaBP-22)
auxin-responsive family protein
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Abstract

Polycomb group (PcG) proteins act as evolutionary conserved epigenetic mediators of cell identity because they repress
transcriptional programs that are not required at particular developmental stages. Each tissue is likely to have a specific
epigenetic profile, which acts as a blueprint for its developmental fate. A hallmark for Polycomb Repressive Complex 2
(PRC2) activity is trimethylated lysine 27 on histone H3 (H3K27me3). In plants, there are distinct PRC2 complexes for
vegetative and reproductive development, and it was unknown so far whether these complexes have target gene
specificity. The FERTILIZATION INDEPENDENT SEED (FIS) PRC2 complex is specifically expressed in the endosperm and is
required for its development; loss of FIS function causes endosperm hyperproliferation and seed abortion. The endosperm
nourishes the embryo, similar to the physiological function of the placenta in mammals. We established the endosperm
H3K27me3 profile and identified specific target genes of the FIS complex with functional roles in endosperm cellularization
and chromatin architecture, implicating that distinct PRC2 complexes have a subset of specific target genes. Importantly,
our study revealed that selected transposable elements and protein coding genes are specifically targeted by the FIS PcG
complex in the endosperm, whereas these elements and genes are densely marked by DNA methylation in vegetative
tissues, suggesting that DNA methylation prevents targeting by PcG proteins in vegetative tissues.
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Introduction

Polycomb group (PcG) proteins are evolutionary conserved
master regulators of cell identity and balance the decision between
cell proliferation and cell differentiation [1]. PcG proteins act in
multimeric complexes that repress transcription of target genes;
the best characterized complexes are the evolutionary conserved
Polycomb Repressive Complex 2 (PRC2) that catalyzes the
trimethylation of histone H3 on lysine 27 (H3K27me3), and

PRCI1, which binds to this mark and catalyzes ubiquitination of

histone H2A at lysine 119 [1]. Plants contain multiple genes
encoding homologs of PRC2 subunits that have different roles
during vegetative and reproductive plant development [2].
Whereas the EMBRYONIC FLOWER (EMF) and VERNALI-
ZATION (VRN) complexes control vegetative plant development,
reproductive development in Arabidopsis crucially depends on the
presence of the FERTILIZATION INDEPENDENT SEED (FIS)
PcG complex that is comprised of the subunits MEDEA (MEA),
FERTILIZATION INDEPENDENT SEED2 (FIS2), FERTIL-
IZATION INDEPENDENT ENDOSPERM (FIE) and MSI1 [2].
The FIS PcG complex is required to suppress autonomous
endosperm development; loss of FIS function initiates the
fertilization-independent formation of seed-like structures contain-
ing diploid endosperm [3]. In most angiosperms the endosperm is

@ PLoS Genetics | www.plosgenetics.org

a triploid zygotic tissue that develops after fusion of the
homodiploid central cell with a haploid sperm cell. The
endosperm regulates nutrient transfer to the developing embryo
and regular endosperm development is essential for embryo
development [4]. Loss of FIS function also dramatically impacts
on endosperm development after fertilization, causing endosperm
overproliferation and cellularization failure, eventually leading to
seed abortion [5]. Thus far, only few direct target genes of the FIS
PcG complex are known, among them the MADS-box transcrip-
tion factor PHERESI (PHEI) (6], FUSCA3 [7] and MEA itself [8—
10]. All three genes are also targets of vegetatively active PcG
complexes [7,11], suggesting that different PcG complexes share at
least a subset of target genes [7].

Similar to extraembryonic tissues in mammals [12], the endosperm
has reduced levels of DNA methylation compared to the embryo or
vegetative tissues [13,14]. Hypomethylation is established by
transcriptional repression of the maintenance DNA-methyltransfer-
ase MET] during female gametogenesis [15], together with active
DNA demethylation by the DNA glycosylase DEMETER (DME)
[13,16]. Whereas the global DNA methylation levels differ only
slightly between embryo and endosperm (~6% for CG methylation),
methylation differences at transposable elements and repeat
sequences are significantly more pronounced [13,14]. The functional
significance of this genome-wide demethylation of the endosperm is
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Author Summary

Cell identity is established by the evolutionary conserved
Polycomb group (PcG) proteins that repress transcriptional
programs which are not required at particular develop-
mental stages. The plant FERTILIZATION INDEPENDENT
SEED (FIS) PcG complex is specifically expressed in the
endosperm where it is essential for normal development.
The endosperm nourishes the embryo, similar to the
physiological function of the placenta in mammals. In this
study, we established the cell type-specific epigenome
profile of PcG activity in the endosperm. The endosperm
has reduced levels of DNA methylation, and based on our
data we propose that PcG proteins are specifically targeted
to hypomethylated sequences in the endosperm. Among
these endosperm-specific PcG targets are genes with
functional roles in endosperm cellularization and chroma-
tin architecture, implicating a fundamental role of PcG
proteins in regulating endosperm development. Impor-
tantly, we identified transposable elements and genes
among the specific PcG targets in the endosperm that are
densely marked by DNA methylation in vegetative tissues,
suggesting an antagonistic placement of DNA methylation
and H3K27me3 at defined sequences.

not yet understood. However, it has been proposed that DNA
demethylation might cause transposon activation and generation of
small interfering RNAs (siRNA) that might move to egg cell or
embryo where siRNA-mediated DNA methylation would lead to
increased methylation of parasitic genomic sequences [13]. This
notion is supported by the observation of accumulating 24nt siRNAs
in the female gametophyte and in the endosperm [17]. However,
functional loss of RNA polymerase IV, the enzyme responsible for the
biogenesis of siRNAs, does not cause reactivation of most transposons
[18], suggesting the presence of redundant pathways to silence
transposable elements.

In this study, we profiled the H3K27me3 pattern in the
endosperm and identified many target genes that were known
previously to be targeted by vegetatively active PcG complexes,
supporting the idea that different PcG complexes share a common
set of target genes. However, we also identified endosperm-specific
H3K27me3 target genes that have functional roles in endosperm
cellularization and chromatin architecture, suggesting that the FIS
PcG complex has endosperm-specific functions and that PcG
targeting in plants has tissue specific roles. Finally and most
importantly, we discovered that the FIS PcG complex in the
endosperm targets transposable elements (TEs) that are protected
by DNA methylation in vegetative tissues, implicating that DNA
methylation and H3K27me3 are alternative repressive marks that
may compensate for each other in the repression of a subset of TEs.

Results

Isolation of Endosperm Nuclei by Fluorescent Activated
Cell Sorting

We established a transgenic line expressing PHE] fused to the
enhanced green fluorescent protein (EGFP) under control of the
native promoter and 3’ regulatory elements. Strong EGFP
fluorescence was exclusively detected in endosperm nuclei from 1
day after pollination (DAP) until 4 DAP, whereas only a weak signal
was detectable in the chalazal endosperm at 5 DAP (Figure 1A).
EGFP-labeled nuclei from 1-4 DAP-old seeds were isolated with the
use of a fluorescence-activated cell sorter. High-throughput
techniques allowed the harvesting, nuclei isolation, and sorting of
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approximately 100 000 nuclei in about 4 hours. Within this time
period, endosperm nuclei did apparently not undergo substantial
changes in their transcriptional identity, as judged by a relatively
low expression of embryo and seed coat marker genes in relation to
the PHE] gene (Figure 1B). Expression of seed coat and embryo
marker genes followed a similar trend in microdissected endosperm
samples (Figure 1C). To identify endosperm-specific PcG target
genes we performed chromatin immunoprecipitation (ChIP) of
chromatin from sorted endosperm nuclei using H3K27me3 specific
antibodies followed by hybridization to high resolution whole-
genome tiling microarrays (Chip-on-chip). As a control, we
performed ChIP with unspecific IgG antibodies. Genomic regions
marked by H3K27me3 (“H3K27me3 regions”) were identified as
continuous runs of probes with a MAT-score of at least 3.5 (see
Materials and Methods). We identified 2282 regions that were
significantly enriched for H3K27me3, covering ~1.9 Mb and
representing ~1.6% of the sequenced genome. This corresponds to
about one fourth the number of H3K27me3 regions identified in
seedling tissues [11,19], indicating that there are substantially fewer
H3K27me3 targets in the endosperm than in vegetative tissues.
Similar to the H3K27me3 distribution in Arabidopsis seedlings
[11], most H3K27me3 regions in the endosperm were located on
euchromatic chromosome arms and only 17 of the 2282 regions
(0.7%) were from centromeric or pericentromeric heterochromatin
(Figure 2A). The distribution of H3K27me3 in endosperm over
genes had a pronounced maximum in the transcribed region,
similar to the distribution of H3K27me3 in vegetative tissues
(Figure 2B, [11]). Notably, there was a small but distinct drop of
H3K27me3 at the transcriptional start and shortly after the
transcriptional stop, possibly caused by localized nucleosome
depletion. This interpretation would be in agreement with previous
observations made in yeast and human cells, revealing nucleosome
depletion at the transcriptional start and around polyadenylation
sites [20-22]. The length of H3K27me3 regions in the endosperm
was comparable to the length of H3K27me3 regions in vegetative
tissues [11], with a median region size of about 750 bps (Figure 2C).
MEA, PHEI, MEIDOS (MEQO) and FUSCA3 (FUS3) as well as other
genes that were previously identified as sporophytic H3K27me3
targets were among the endosperm H3K27me3 targets (Figure 2D
and Figure 3A), indicating that our procedure successfully identified
H3K27me3 targets in the endosperm.

Transposable Elements Are Specifically Targeted by
H3K27me3 in the Endosperm

We identified 1773 genes to be associated with H3K27me3; of
those, 1533 genes (~86.5%) overlapped with H3K27me3 marked
loci identified in seedling tissues (‘‘shared H3K27me3 targets”)
[11,19], whereas 240 loci (~13.5%) were specifically enriched only
in the endosperm (“endosperm-specific H3K27me3 targets”)
(Figure 3A and Table S1). Most H3K27me3 targets in both sample
sets are protein-coding genes of known or unknown functions,
similar to the H3K27me3 targets in seedling tissues [11,19]
(Figure 3B). The overall distribution of H3K27me3 marked
pseudogenes and TEs in the endosperm and seedling tissues was
similar; TEs and transposable element genes (T'EGs; correspond to
genes encoded within a transposable element) were clearly
underrepresented among H3K27me3 targets compared to the
genome average (Figure 3B). However, the frequency of TEs and
TEGs was much higher among the endosperm-specific H3K27me3
targets than among the shared H3K27me3 targets, indicating that a
subset of TEs and TEGs are specifically marked by H3K27me3 in
the endosperm (Figure 3B). While 16% of all TEs and 46% of all
TEGs probed by the microarray are located in centromeric and
pericentromeric heterochromatin, only 5% of the TEs with

October 2010 | Volume 6 | Issue 10 | 1001152



A)

1DAP 2DAP 3DAP

4DAP

H3K27me3 Profiling of the Endosperm

3DAP

S5DAP

— CZE || — CZE —
%) 0
3 10+ 3 008+ 0 4e4- ® 05-
i>-> 1 c|>) . K ], o —
< 081 < 0061 % %04 - % 04
% 06- e oo E € 03+
~ i - N - (®)
S 044 £ 3 S 02-
Q - < - <
2 024 o 002 ) 154 o 01+
o 00- ‘© 000 % 0 % 00-
= Sorted nuclei
—= Unsorted nuclei
) 10 = 10 = 10 = o [ -
) 0 © T g -
q>) 8- G>) 8- o 5 8- I 56 T
2 Q0 e -6'_5-
56 B 6 S 6. 54 -
= fas) (&) (&)
3 3 2 2
E o - C 4 T 4 - G 3=
© © i bz
had - o)) -
Q ~ = =
0- O- O- O-

=== Endosperm
== Seed coat

Figure 1. Isolation of EGFP Positive Endosperm Nuclei and Validation of the Technique. A) PHET::PHE1-EGFP is specifically expressed in
endosperm nuclei from 1 DAP to 4 DAP. First five images are fluorescence images overlaid with bright-field images. The chalazal endosperm (CZE) is
indicated. Last image of the row shows a confocal image. The position of the embryo (EMB) is indicated by a white line. Scale bars, 50 uM. B)
Quantitative RT-PCR expression analysis of seed coat marker genes BANYULS (BAN) and TRANSPARENT TESTA2 (TT2), and embryo marker genes
WUSCHEL-RELATED HOMEOBOX (WOX) 2 and WOX?9 in sorted endosperm nuclei and total nuclei isolated from PHET::PHE1-EGFP expressing 1-4 DAP-
old seeds. Values are shown relative to PHET expression. Error bars, s.e.m. C) Transcript levels of seed coat marker genes BAN and T72 and embryo
marker genes WOX2 and WOX9 in peripheral endosperm and seed coats of seeds from 1 DAP to 3 DAP, corresponding to seeds containing
preglobular to globular stage embryos. Values are based on ATH1 microarray signals after RMA normalization. Error bars, s.e.m.

doi:10.1371/journal.pgen.1001152.g001

H3K27me3 and 16% of the TEGs with H3K27me3 were from
these heterochromatic regions. Frequencies of almost all super
families of TEs were similar among H3K27me3-marked endo-
sperm-specific TEs and among all TEs detectable by the microarray
(Figure S1). Among the shared H3K27me3 targets LTR/COPIA
(p<5E-4), LINE/LI1 (p<<0.05), and RathE1 elements (p<<0.05) were
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significantly enriched, indicating non-random targeting of TEs by
PcG proteins. We verified the specificity of our analysis by gPCR
validation of endosperm-specific and shared H3K27me3 targets
using independently prepared ChIP samples. We randomly selected
10 endosperm-specific TEGs, 9 endosperm-specific genes and 8
shared target genes and could confirm all loci in an independent
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Figure 2. Genome-Wide Identification of H3K27me3 Regions in the Endosperm. A) Chromosomal distribution of H3K27me3 regions. The
H3K27me3 regions per 200 kb and genes per 200 kb (y-axis, right-side scale) and number of transposons (y-axis, left-side scale). Numbers on top
indicate chromosome number. B) Average H3K27me3 profiles (red line) over H3K27me3 targets. The black line represents the H3K27me3 profile over
genes not marked by H3K27me3. The blue bar represents the annotated gene body from transcription start (left) to transcription end (right). Profiles
are shown for 5% length intervals along the gene body and for 100 bp sequence intervals for the 2-kb regions upstream and downstream of each
gene. C) Length distribution of H3K27me3 regions. D) Comparison of ChIP-chip results with Arabidopsis genes (red boxes, where arrows indicate
direction of transcription) that were previously shown to be H3K27me3 targets [6,7,11,57]. Genes are shown as yellow boxes (exons) and lines
(introns), and H3K27me3 is shown as vertical light blue bars [MAT score ranging from —1 (bottom) to 6 (top)].

doi:10.1371/journal.pgen.1001152.9002

ChIP experiment (Figure S2), indicating that our procedure was
specific with a low false discovery rate.

Functional Roles and Expression of H3K27me3 Target

Genes in the Endosperm

Shared H3K27me3 targets in the endosperm were highly
enriched for genes involved in transcriptional regulation, with
MADS-box transcription factors being a prominently enriched

@ PLoS Genetics | www.plosgenetics.org

subclass of transcription factors (p = 3.01E-05; Table S2). Howev-
er, many other GO categories were enriched among shared
H3K27m3 target genes, including regulation of metabolism,
flower development, cell wall organization, secondary metabolism
and others (Table S3). This indicates that the FIS PcG complex
acts to repress a large set of genes that are not required during
early endosperm development. Among endosperm-specific
H3K27me3 targets, there were many genes with potential roles
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Figure 3. Characteristics of H3K27me3 Target Genes in the Endosperm. A) Venn diagram showing overlap of H3K27me3 target genes in
seedlings [11,19] and endosperm. B) Distribution of different types of H3K27me3 targets (genes, pseudogenes, transposable elements, transposable
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element genes) in endosperm and seedling tissues. Upper panel shows distribution in the endosperm (this study) and seedlings [11,19], lower panel
shows genome-wide distribution of genes, pseudogenes, transposable elements and transposable element genes in comparison to the distribution
of shared and specific endosperm H3K27me3 targets. Number in parenthesis reflect number of detectable targets.

doi:10.1371/journal.pgen.1001152.g003

in vesicle-mediated transport and cytoskeleton organization (Table
S4), suggesting a specific function of the FIS PcG complex in
endosperm cellularization. Furthermore, many genes with func-
tional roles in chromatin organization, such as the PcG protein
encoding genes EMF2, VRN2, MSII, the DNA glycosylase ROSI
as well as DNA helicases were among specific H3K27me3 target
genes (Table S4), implicating a role of the FIS PcG complex in
establishing specific chromatin architectures in the endosperm.

Next, we analyzed the relation between H3K27me3 modification
and gene expression. Gene expression data were derived from the
peripheral endosperm of seeds containing globular stage embryos,
corresponding to the main fraction of the sorted endosperm nuclei
used in our ChIP-chip experiment. Consistent with the function of
H3K27me3 in transcriptional silencing, the majority of shared
endosperm H3K27me3 target genes were expressed at low levels
(Figure 4A). In contrast, a fraction of the endosperm-specific
H3K27me3 targets was moderately expressed (Figure 4A). Endo-
sperm-specific H3K27me3 target genes had lower average
H3K27me3 scores compared to shared targets independent of
their expression level (Figure 4B), suggesting that there is different
efficiency of PcG protein targeting or PRC2 activity for endosperm-
specific versus shared endosperm H3K27me3 targets.

Using publicly available datasets we tested the tissue-specific
expression of endosperm-specific H3K27me3 target genes by
cluster analysis. Consistent with the idea that the FIS PcG complex
1s required for repression of target genes in the endosperm, genes
present in clusters I, II and V (45%, n=75) were specifically
repressed in the endosperm (Figure 4C). However, about half of all
endosperm-specific H3K27me3 targets were expressed in the
endosperm (clusters III and IV, 55%, n=91; Figure 4C), in
agreement with the higher average expression levels of endosperm-
specific H3K27me3 target genes compared to non-H3K27me3
target genes (Figure 4A). We consider three not mutually exclusive
explanations for this observation: (1) H3K27me3 is not necessarily
connected with gene silencing in the endosperm. (it) For a subset of
genes only one of the alleles is marked by H3K27me3. In this case
expression of the non-marked allele would be detected, whereas
the H3K27me3 allele remains silenced, as it was shown before for
PHEI and MEA [8,9,23,24]. However, imprinted genes predicted
by Gehring and colleagues [14] were not among genes present in
clusters III and IV. (iii) PcG target genes are differentially
regulated in the different domains of the endosperm, i.e. the
micropylar, peripheral and chalazal domains).

DNA Methylated Loci Become Targets of H3K27me3 in
the Endosperm

TEs were strongly overrepresented among the endosperm-specific
H3K27me3 targets compared to the shared H3K27me3 targets
(Figure 3B). Hence, we hypothesized that the global DNA
demethylation in the endosperm [13,14] caused H3K27me3 to
accumulate in regions that are DNA methylated in vegetative tissues
and, therefore, H3K27me3-poor. This hypothesis predicts that TEs
marked by H3K27me3 in the endosperm have reduced endosperm
DNA methylation levels compared to all TEs. Indeed, median
endosperm CG and CHG DNA methylation levels were lower at
H3K27me3 marked TEs than at other TEs (Figure 5A). CHH
methylation levels were generally low and did not differ between
H3K27me3 marked TEs and all TEs (data not shown). TEs that
carried H3K27me3 in endosperm and vegetative tissues were almost
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devoid of CG DNA methylation in endosperm and vegetative tissues.
In contrast, TEs that carried H3K27me3 only in the endosperm had
high DNA methylation levels in vegetative tissues while DNA
methylation levels in the endosperm were markedly below the
average over all TEs. Similarly, shared TEGs were almost devoid of
DNA methylation in vegetative tissues and in the endosperm.
Endosperm DNA methylation levels of specific H3K27me3 TEGs
were comparable to the average DNA methylation levels in the
endosperm of all TEGs present in the genome (Figure 5B), indicating
that reduced DNA methylation levels in the endosperm might allow
targeting of PcG proteins to defined sequences independent of
residual DNA methylation. CHG methylation followed a similar
trend as GG methylation (Figure 5B). In contrast, no substantial
changes in CHH methylation levels were observed (data not shown).
Protein coding genes were generally much less DNA methylated than
TEs or TEGs. Similar to shared TEs and TEGs, shared H3K27me3
target genes were almost devoid of DNA methylation in vegetative
tissues and the endosperm (Figure 5C). In marked contrast,
endosperm-specific H3K27me3 target genes had significantly higher
CG DNA methylation levels in vegetative tissues than the genome-
wide average (Figure 5C), supporting the idea that CG DNA
methylation prevents these genes being targeted by PcG proteins in
vegetative tissues. CG DNA methylation level of endosperm-specific
H3K27me3 genes was reduced in the endosperm compared to
vegetative tissues, again suggesting that reduced DNA methylation
levels in the endosperm enable targeting of PcG proteins to selected
loci. Shared and specific protein coding H3K27me3 target genes
were almost devoid of CHG and CHH methylation in vegetative
tissues and the endosperm (Figure 5C and data not shown). Together,
we conclude that DNA methylation and H3K27me3, which both can
bring about transcriptional repression of target genes, usually exclude
each other at target chromatin. In the endosperm, where DNA
methylation is naturally reduced, some loci that were DNA
methylated in other tissues become targeted by the FIS PcG complex
and marked by H3K27me3. This hypothesis predicts that experi-
mental reduction of DNA methylation levels in vegetative tissues will
cause PcG proteins to be targeted to some loci that are usually DNA
methylated. Indeed, in met/ mutants H3K27me3 was found at some
TEs that did not carry H3K27me3 in wild type [25], strongly
supporting this idea.

Based on their expression in the endosperm, two main clusters
of protein coding genes and TEGs that were DNA methylated in
vegetative tissues and carried H3K27me3 in the endosperm were
apparent (Figure 5D); the first cluster contained genes and TEGs
that were weakly expressed in other tissues and became specifically
repressed in the endosperm, whereas the second cluster contained
genes and TEGs that were mainly repressed in other tissues and
became specifically expressed in the endosperm, indicating that
loss of DNA methylation fostered expression of several genes and
transposons in the endosperm independent of their gain of
H3K27me3.

Only Few H3K27me3 Target Genes Are Deregulated in
fis2 Mutants

We wondered whether loss of FIS activity would cause a global
deregulation of H3K27me3 target genes. Therefore, we profiled the
Jfis2 transcriptome of seeds harvested at 3 DAP and 6 DAP and
searched for deregulated genes that were marked by H3K27me3 in
the endosperm. Loss of FIS function profiled at 3 DAP and 6 DAP
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Figure 4. Expression of H3K27me3 Target Genes in the Endosperm. A) Expression level of shared (green) and endosperm-specific (orange)
H3K27me3 target genes compared to all genes (black) in the peripheral endosperm of seeds containing globular stage embryos. B) Box plot of
H3K27me3 MAT scores of shared (green) and endosperm-specific (orange) target genes. H3K27me3 MAT scores of endosperm-specific target genes
with low expression levels (log,<4.2) and moderate expression levels in the endosperm (log,>4.2) are symbolized by striped and dotted fill patterns,
respectively. C) Cluster analysis of endosperm-specific H3K27me3 target genes. H3K27me3 target genes are grouped into five mutually exclusive
clusters based on their expression patterns. Each row represents a gene, and each column represents a tissue type. Tissue types are: seedlings, leaves,
stems, roots, flowers, siliques containing seeds with embryos in the heart or torpedo stage, seeds with embryos in the torpedo, walking stick, curled
cotyledon, early green, and green cotyledon stage and endosperm derived from seeds with embryos in the preglobular, globular and heart stage.
Red or green indicate tissues in which a particular gene is highly expressed or repressed, respectively.

doi:10.1371/journal.pgen.1001152.g004

resulted in different and largely non-overlapping gene expression
profiles (Figure 6A). Although the overlap of H3K27me3 target
genes and genes deregulated upon loss of FIS function was
significant (p=3.0E-05 and 5.7E-04 for 3 DAP and 6 DAP,
respectively), expression of surprisingly few target genes (~1.5%
and ~1.8% at 3 DAP and 6 DAP, respectively) was increased upon
loss of FIS function (Figure 6A, Table S5). EMF2 and VRNZ?
expression was not increased in fis2 seeds at 3 or 6 DAP, indicating
that loss of FIS2 function is not compensated by increased
expression of FIS2 homologous genes. Genes deregulated at 3
DAP and 6 DAP fell into two largely distinct clusters. Whereas most
of early deregulated genes were not expressed in the wild-type
endosperm until heart stage, late deregulated genes were predom-
inantly expressed during early wild-type endosperm development
and became repressed around heart stage (Figure 6B), supporting
the idea that the FIS PcG complex is required for the repression of a
defined set of genes around endosperm cellularization [26,27].
Genes deregulated in fis2 at 3 DAP and 6 DAP were prominently
enriched for glycosyl hydrolases (Table S6), with a strong
enrichment of Family 17 of plant glycoside hydrolases at 6 DAP.
Family 17 members preferentially hydrolyse the major component
of endosperm cell walls, callose, [28], suggesting that repression of
cell wall degrading enzymes is a requirement for successful
endosperm cellularization. Conversely, this implicates that in-
creased expression of these genes in fis mutants might contribute to
the failure of fis mutant endosperm to undergo endosperm
cellularization [29].

Importantly, we did not detect increased expression of TEGs in
Jfis2 mutants, suggesting that loss of H3K27me3 might be
compensated by other repressive mechanisms. If so, we wondered
whether in seeds lacking both, FIS activity and CG DNA
methylation, repression of TEGs would be relieved. Therefore,
we generated fis2/FIS2; met] /METI double mutants that contain
12.5% seeds homozygous for met! and devoid of FIS activity. We
randomly selected eight endosperm-specific H3K27me3 TEGs
(At4g16870, At5g37880, At3g32110, At2g13890, Atbg35710,
At1g35480, At3g28400, At2g16010) that were DNA methylated
in vegetative tissues and had decreased DNA methylation levels in
the endosperm (Figure S3). Among those, At4g16870, At5g37880
had increased expression levels in fis2;met! double mutants
compared to met! and fis2 single mutants (Figure 6C), whereas
expression of At3g32110 equally increased in met! and fis2; metl
double mutants. Expression of the other TEGs was not
significantly changed compared to wild type (data not shown).
Based on these data we conclude that DNA methylation and FIS-
mediated H3K27me3 can act synergistically to repress a subset of
TEGs in the endosperm, but that there are additional mechanisms
to silence TEGs in the absence of both mechanisms.

Discussion

Identification of tissue-specific target genes and unraveling how
PcG proteins regulate their target genes are important steps to
understand how tissue specificity is established. In this study we

@ PLoS Genetics | www.plosgenetics.org

established the endosperm-specific H3K27me3 profile and the
following main conclusions can be drawn based on our results: (1)
The majority of PcG target genes are shared among the
endosperm and vegetative tissues, indicating that the reproduc-
tively active FIS PcG complex and vegetatively active PcG
complexes are recruited to a common set of genes. (2) Expression
of only few PcG target genes is induced upon loss of FIS activity,
suggesting the activation of alternative repressive mechanisms in
the absence of PcG function and/or the lack of appropriate
transcriptional activators in the endosperm. (3) Selected TEs,
TEGs and protein coding genes are specifically targeted by the FIS
PcG complex in the endosperm; these elements and genes are
densely marked by DNA methylation in vegetative tissues,
suggesting that DNA methylation prevents targeting by PcG
proteins in vegetative tissues. (4) DNA demethylation in the
endosperm may be required, but not sufficient for targeting of the
FIS PcG complex. DNA demethylation in the endosperm is a
global phenomenon [13,14], whereas only selected loci become
specifically targeted by the FIS PcG complex, suggesting that
additional factors are decisive for PcG recruitment.

Functional Roles of H3K27me3 Target Genes in the
Endosperm

PcG proteins are largely viewed as general suppressors of
genomic programmes that are not required in a specific tissue type
or during a particular developmental stage of an organism [1].
This would predict that a large set of PcG target genes is shared in
different tissues, as only a small set of genes is expressed in a tissue-
specific fashion [30]. In line with this view, we found that the
majority of PcG target genes identified in the endosperm are also
targeted by PcG proteins in vegetative tissues [11,19], suggesting
that different PcG complexes share a common set of target genes
during different stages of plant development. However, we
identified substantially fewer PcG target genes in the endosperm
than previous studies found in seedlings consisting of a mixture of
many diverse cell types [11,19] as well as in root hair and non-hair
specific cell types [31].

The low number of identified H3K27me3 target genes in
endosperm correlates well with reduced expression of the critical
PRC2 components MEA and FIS2 in the same tissue [8,27]. A
reason for lower expression of PcG proteins and only few PcG
protein target genes in endosperm at 1-4 DAP could be that at this
time, when mitotic activity is high, the endosperm has not yet
acquired its terminal differentiation status [32]. In contrast, the
cells profiled in the other studies [11,19,31] were mostly fully
differentiated. This is similar to the situation in mammals, where
lineage-specific genes often become targeted by PcG proteins only
upon cell-fate commitment [33], leading to cell-type specific PcG
target profiles and gene expression patterns [34,35]. Furthermore,
it should be noted that the endosperm has fundamentally different
developmental origin and fate than vegetative tissues; it is derived
after fertilization of the diploid central cell and will not contribute
any cells to embryo and the developing new plant. Therefore, it is
also possible that the reduced number of H3K27me3 target genes
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Figure 5. DNA Methylated Genes Become Targets for H3K27me3 in the Endosperm. A) Median DNA methylation levels of TEs in vegetative
tissues (green) and endosperm (orange). CG and CHG methylation levels were analyzed for all TEs, TEs marked specifically by H3K27me3 in the
endosperm (“Specific’) and TEs marked by H3K27me3 in the endosperm and in seedlings [11,19] (“Shared”). Median DNA methylation levels of
shared TEs are close to zero. Green and orange dotted horizontal lines mark CG methylation levels of specific H3K27me3 TEs in vegetative and
endosperm tissues, respectively. B) Median DNA methylation levels of TEGs in vegetative tissues (green) and endosperm (orange). CG and CHG
methylation levels were analyzed for all TEGs, TEGs marked specifically by H3K27me3 in the endosperm (“Specific”) and TEGs marked by H3K27me3
in the endosperm and in seedlings [11,19] (“Shared”). Median DNA methylation levels of shared TEGs are close to zero. Green and orange dotted
horizontal lines mark CG methylation levels of specific H3K27me3 TEGs in vegetative and endosperm tissues, respectively. C) Median DNA
methylation levels of protein coding genes in vegetative tissues (green) and endosperm (orange). CG and CHG methylation levels were analyzed for
all protein coding genes, protein coding genes marked specifically by H3K27me3 in the endosperm (“Specific”) and protein coding genes marked by
H3K27me3 in the endosperm and in seedlings [11,19] (“Shared”). Green and orange dotted horizontal lines mark CG methylation levels of specific
H3K27me3 protein coding genes in vegetative and endosperm tissues, respectively. D) Cluster analysis of DNA methylated H3K27me3 target genes
and transposons. Genes and transposons are grouped into two mutually exclusive clusters based on their expression patterns in different tissues.
Each row represents a gene, and each column represents a tissue type. Tissue types are: seedlings, leaves, stems, roots, flowers, siliques containing
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seeds with embryos in the heart or torpedo stage, seeds with embryos in the torpedo, walking stick, curled cotyledon, early green, and green
cotyledon stage and endosperm derived from seeds with embryos in the preglobular, globular and heart stage. Red or green indicate tissues in which

a particular gene is highly expressed or repressed, respectively.
doi:10.1371/journal.pgen.1001152.g005

in the endosperm might reflect a less stringent requirement of
PcG-mediated gene regulation in the endosperm than in
vegetative tissues.

In the endosperm as well as in vegetative tissues, genes encoding
for transcription factors were highly enriched among PcG target
genes (this study and [11]), supporting the general idea that PcG
proteins regulate cell identity by controlling expression of
transcription factors [36]. Importantly however, H3K27me3
target genes were also prominently enriched for pectinesterases
and glycosyl hydrolases - two enzyme classes that degrade major
components of plant cell walls [28,37], indicating an important
role of the FIS PcG complex in the regulation of endosperm
cellularization. The observed deregulation of both enzyme classes
in fis2 mutant seeds might be the underlying cause of endosperm
cellularization failure of fis mutants [29].

Only Few H3K27me3 Target Genes Are Deregulated

upon Depletion of FIS Activity

Loss of FIS function caused deregulation of only few H3K27me3
genes, similar to observations made in mammalian and Drosophila
cells, where only a small subset of PcG target genes were
deregulated upon depletion of PcG proteins [33,38,39]. Stable
repression of FIS target genes could be due to secondary epigenetic
modifications that together with FIS-mediated H3K27me3 keep
PcG target genes repressed and which are not alleviated in FIS-
depleted cells. Alternatively, it is possible that secondary epigenetic
modifications are only recruited to FIS target genes upon loss of FIS
function. As a third and complementary explanation for the lack of
expression of a large number of FIS target genes in FIS-depleted
endosperm we propose that the promoters of many PcG target
genes lack binding sites for endosperm-specific transcriptional
activators required for substantially increased expression in this
tissue. This last explanation would imply that those FIS target genes
that are deregulated in the fis2 mutant are even in wild type
expressed in the endosperm. Indeed, deregulated FIS target genes
were predominantly expressed during wild-type seed development
(Figure 6B), supporting the hypothesis that cis-acting tissue-specific
enhancers are required for full induction of FIS target genes upon
loss of H3K27me3.

Transposable Elements Are Targeted by the FIS PcG

Complex in the Endosperm

TEs and TEGs were most prominently enriched among
endosperm-specific H3K27me3 targets. This is in contrast to the
situation in vegetative tissues, where these elements are largely
excluded from PcG target genes [11]. We propose that reduced
levels of DNA methylation in the endosperm allow targeting of the
FIS PcG complex to defined sequence elements that are protected
by DNA methylation in vegetative tissues. This conclusion is
supported by the following findings made in this study: (i) Shared
H3K27me3 targets were completely devoid of DNA methylation,
indicating that DNA methylation prevents targeting by PcG
proteins. (i) Endosperm-specific H3K27me3 protein coding genes
had much higher CG DNA methylation levels in vegetative tissues
compared to genome-wide average DNA methylation levels,
supporting the view that DNA methylation prevents these genes
being targeted by PcG proteins in vegetative tissues. (iii) In the
endosperm, the average DNA methylation level of endosperm-
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specific H3K27me3 targets was reduced compared to vegetative
tissues. This trend was most pronounced for TEs, where DNA
methylation level of endosperm-specific TEs were much lower
compared to the genome-wide average DNA methylation of TEs
in the endosperm. However, also TEGs and protein-coding genes
had reduced DNA methylation levels in the endosperm compared
to vegetative tissues, supporting the notion that reduced DNA
methylation levels in the endosperm allow targeting of the FIS
PcG complex to defined sequence elements. However, DNA
demethylation is a global phenomenon [13,14], but only selected
sequences were targeted by the FIS complex, suggesting that DNA
demethylation is necessary, but not sufficient for targeting of the
FIS complex. The conclusion that DNA methylation and
H3K27me3 are usually exclusive epigenetic marks is strongly
supported by previous studies on seedlings with experimentally
altered DNA methylation. When DNA methylation was reduced,
H3K27me3 localized to defined regions within heterochromatin
[25], and when DNA methylation was increased H3K27me3
levels dropped [40]. Mutual antagonistic placement of DNA
methylation and H3K27me3 was also identified at the imprinted
Rasgif1 locus in mouse [41], suggesting an evolutionary conserved
basis of the underlying mechanism. Together, we conclude that
DNA methylation prevents targeting of PcG proteins to sequence
elements that have the potential to recruit PcG proteins.

Materials and Methods

Plant Material and Growth Conditions

A transgenic Arabidopsis thaliana (Landsberg erecta (Ler)) line in
which endosperm nuclei were specifically marked by EGFP was
established by expressing a translational fusion of PHEI with
EGFP under the transcriptional control of the PHEI promoter
(PHEI1::PHEI-EGFP) and 3 kb regulatory 3’ sequences. A
transgenic Arabidopsis (Columbia, Col) line constitutively express-
ing YFP fused to histone H3.2 (355::H3.2-YFP) served as a positive
control. The fis2-1 allele (Ler accession) has been described
previously [3]. The metl-3 (Col accession) allele was described in
[42]. For met!; fis2 double mutant analysis the newly identified fis2-
5 allele (SALK_009910; Col accession) was used, containing a T-
DNA insertion within the first exon. The fis2-5 seed abortion ratio
and mutant seed phenotypes were analyzed and found to be
similar to the fis2-7 allele (data not shown).

Seeds were surface sterilized (5% sodium hypochlorite, 0.1%
Tween-20) and plated on MS medium (MS salts, 1% sucrose,
pH 5.6, 0.8% bactoagar). Plants were grown in a growth cabinet
under long day photoperiods (16 h light and 8 h dark) at 22°C.
After 10 days, seedlings were transferred to soil and plants were
grown in a growth chamber at 60% humidity and daily cycles of
16 h light at 22°C and 8 h darkness at 18°C. Inflorescences were
harvested approximately 21 days after transfer to soil, shock-frozen
in liquid nitrogen and stored at —80°C. For analysis of seedlings,
seeds were stratified for 2 days at 4°C before incubation in a
growth cabinet. After 10 days, whole seedling tissue was harvested,
shock-frozen in liquid nitrogen and stored at —80°C before further
usage.

GFP Expression Analysis

Microscopy imaging was performed using a Leica DM 2500
microscope (Leica Microsystems, Wetzlar, Germany) with either
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bright-field or epifluorescence optics. Images were captured using
a Leica DFC300 FX digital camera, exported using Leica
Application Suite Version 2.4.0.R1, and processed using Photo-
shop 7.0 (Adobe Systems Incorporated, San Jose, USA). Confocal
imaging was performed on a Leica SP1-2.

Isolation of GFP Positive Endosperm Nuclei

Nuclei were isolated from 3.5 g of inflorescences following the
protocol described in [43]. Isolated nuclei were resuspended in 1 x
PBS, and proteins were crosslinked to DNA with 1% formalde-
hyde for 8 min. After adding glycine to 125 mM final concentra-
tion and incubation for 5 min, crosslinked nuclei were washed and
resuspended in 1Xx PBS and stained by addition of Propidium
Iodide (PI) or DAPI to a final concentration of 1 pg/ml or 0.5 ng/
ml, respectively. Biparametric flow analysis of EGFP fluorescence
versus nuclear DNA content was performed on a fluorescence
activated cell sorter (FACS Aria II, Becton, Dickinson, Franklin
Lakes, USA) equipped with a 70 um flow tip and operated at a
sheath pressure of 70 psi. Events were thresholded on forward
scatter and samples were sorted at the event rate of 15000/sec. For
EGFP and PI excitation a 488 nm laser and for DAPI excitation a
407 laser were used. The barrier filters were 610/20 nm for PI,
450/40 for DAPI and 530/30 for EGFP fluorescence.

The position of the nuclei gate was defined using 6 um beads
(Becton Dickinson), forwards (FSC-A) and sidewards scatter (SSC-
A) and was verified by DAPI-staining (Figure S4A). The position of
the sort region was established by first determining the baseline of
green fluorescence using inflorescence nuclei from EGFP-negative
Ler control plants (Figure S4B). The upper and left- and right-hand
boundaries of the sort window were adjusted to include all nuclei
derived from YFP-positive 355:H3.2-YFP control plants (Figure
S4B). Sorted GFP positive nuclei from PHEI::PHEI-EGFP plants
were reanalyzed to verify sorting conditions (Figure S4C).

Transcript Level Analysis

For expression analysis from sorted nuclei, RNA was isolated by
flow sorting nuclei directly into 450 pl of RLT lysis buffer (Qiagen,
Hilden, Germany) and using the RNeasy Plant Mini Kit (Qiagen)
according to the manufacturer’s recommendation. For other
expression analyses, siliques were harvested at the indicated time
points and RNA extraction and generation of cDNAs were
performed using RNeasy Plant Mini Kit (Qiagen) according to the
supplier’s instructions. For quantitative RT-PCR, RNA was
treated with DNasel and reverse transcribed using the First strand
cDNA synthesis kit (Fermentas, Ontario, Canada). Gene-specific
primers and Fast-SYBR-mix (Applied Biosystems, Carlsbad, USA)
were used on a 7500 Fast Real-Time PCR system (Applied
Biosystems). Analysis was performed using three replicates and
results were analyzed as described [44]. Briefly, mean expression
values and standard errors for the reference gene as well as for the
target genes were determined, taking into consideration the primer
efficiency that was determined for each primer pair used. Relative
expression values were determined by calculating the ratio of
target gene expression and reference gene expression and error
bars were derived by error propagation calculation. The primers
used in this study are specified in Table S7.

Chromatin Immunoprecipitation

ChIP with 500 to 700 ng of chromatin derived from
approximately 100’000 sorted nuclei was performed as described
[45] using antibodies against H3K27me3 (Millipore, cat. 07-449)
and rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, USA, cat.
Sc-2027). ChIP-DNA was amplified using the WGA-4 single cell
amplification kit (Sigma-Aldrich, St. Louis, USA). For amplifica-
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tion of input DNA, 10 ng of chromatin was used. Amplified DNA
was purified with the QIAquick PCR purification kit (Qiagen) and
eluted with 50 puL. of water. DNA concentration was measured
using a NanoDrop 1000 (NanoDrop Technologies, Wilmington,
USA).

Microarray Analysis

H3K27me3 profiling. Amplified ChIP DNA was fragmented
and labelled with the GeneChip WT Terminal Labeling kit
(Affymetrix, Santa Clara, CA) according to the manufacturer’s
mnstructions. Fragmentation was confirmed using an RNA Nano
1000 kit on a 2100 Bioanalyzer lab-on-chip platform (Agilent,
Waldbronn, Germany), revealing an average fragment size of 90
nucleotides. Labelled samples (Input, ChIP with anti-H3K27me3
and ChIP with unspecific IgG) from three independent experiments
were hybridized to AGRONOMICS! arrays (Affymetrix) as
previously described [46].

Transcriptional profiling. The transcriptional profile of
wild-type and fis2 seeds at 3 DAP was established using ATHI
microarrays (Affymetrix) following previously published procedures
[27] with three biological replicates.

Validation of ChIP-chip results. Selected regions were
validated using independently prepared chromatin samples
immunoprecipitated with H3K27me3 and IgG antibodies. Amplified
ChIP-DNA was analyzed by quantitative PCR using 2 pl of 1:30
diluted samples. Three replicates were performed for each sample and
results were analyzed as described [44] and presented as percent of
input. The primers used in this study are specified in Table S7.

Bioinformatic analysis. All analysis was performed in R
2.9.1 [47]. ChIP-chip data were normalized with MAT [48]
implemented in the aroma.affymetrix package [49] with the window-
size parameter set to 500. H3K27me3 enrichments were calculated
against signals from both input and IgG samples and averaged.
Enriched regions were defined as continuous runs of probes with a
MAT-score of at least 3.5 and were selected using the package BAC
[50] with minRun and maxGap parameters set to 300 and 200,
respectively. A gene-specific MAT-score was defined as the 75% ile
of all probe-specific MAT-scores for the probes located entirely
within the transcribed region of a gene. Visualization of tiling array
data was done using the Integrated Genome Browser at http://igb.
bioviz.org/download.shtml [51]. Transcript profiling data were
normalized with GCRMA [52]; differentially expressed genes were
identified with the rankproduct algorithm [53]; false discovery
rate = 0.1, fold change >0.6). Clustering analysis was performed
using TM#4 software [54], Enrichment of GO categories (obtained
from TAIR) was tested based on the hypergeometric test and
multiple-testing correction according to [55] with a critical p-value
of 1.0E-03. Comparisons with whole genome data were based on
the sequences probed by the AGRONOMICS]1 microarray.

The transcriptional profile of wild-type and fis2 seeds at 6 DAP has
been previously published [27]. Reference transcript profiles during
development were taken from [30]. DNA methylation profiles were
taken from [13,56]. Data for transcript profiles from endosperm were
taken from experiments carried out in the laboratories of Bob
Goldberg (UCLA), John Harada (UC Davis), Brandon Le (UCLA),
Anhthu Bui (UCLA), and Julie Pelletier (UC Davis) and are available
under http://estdb.biology.ucla.edu/genechip/project. Microarray
raw data generated in this study are available at ArrayExpress,
accession numbers E-TABM-1007 and E-TABM-1008.

Supporting Information

Figure S1 Specific Transposon Superfamilies Are Enriched or
Depleted among H3K27me3 Targets. Frequency of transposon
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superfamilies among endosperm-specific and shared H3K27me3
targets as well as among H3K27me3 targets in seedlings [19] in
comparison to the genome-wide transposon frequency that was
calculated based on sequences probed by the microarray.

Found at: doi:10.1371/journal.pgen.1001152.5001 (0.01 MB PDF)

Figure 82 Confirmation of Randomly Selected H3K27me3
Target Genes. A) Confirmation of endosperm-specific TEGs. B)
Confirmation of endosperm-specific protein coding genes. C)
Confirmation of shared H3K27me3 protein coding genes. ChIP
was performed using nuclei isolated from endosperm (red bars) or
seedlings (green bars) with H3K27me3 specific antibodies and
randomly selected target genes were tested by qPCR. Enrichment
levels are indicated as % input. Error bars correspond to standard
deviation.

Found at: doi:10.1371/journal.pgen.1001152.5002 (0.02 MB PDF)

Figure 83 CG methylation and H3K27me3 Profiles at Selected
TEGs. CG methylation profiles of TEGs in vegetative tissues and
the endosperm [13,56] were plotted together with the endosperm
H3K27me3 profiles obtained in this study.

Found at: doi:10.1371/journal.pgen.1001152.s003 (0.49 MB PDF)

Figure S84 [Establishing GFP Sorting Conditions. A) Bipara-
metric flow sort analysis of nuclei isolated from wild-type
inflorescences (upper panel), from 35S::H3.2-YFP inflorescences
(middle panel) and from PHE1::PHE1-EGFP inflorescences (lower
panel). P3 represents the region employed for sorting GFP-
negative nuclei. P4 represents the region containing GFP-positive
nuclei. B) The presence of nuclei and purity of the defined nuclei
gate was verified by analyzing GFP positive nuclei isolated from
PHE1:: PHE1-EGFP plants by flow cytometry before (blue line)
and after DAPI staining (red line). After addition of DAPI, the
whole population of particles present in the defined nuclei gate is
shifted to higher DAPI fluorescence, indicating high purity of
isolated nuclei. C) The purity of isolated GIFP positive nuclei from
PHE1::PHEI-EGFP plants was verified by re-analysis of the
sorted sample. The sorted sample (green line) was clearly enriched
for GFP positive nuclei compared to the unsorted sample (blue
line). Bars indicate GIP positive signals. The calculated purity of
nuclei was 92%. The presence of two peaks is likely contributed to
endoreduplication and correspondingly increased GIP signal
intensity.

Found at: doi:10.1371/journal.pgen.1001152.5004 (0.04 MB PDF)
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Abstract

Genomic imprinting is an epigenetic phenomenon leading to parent-of-origin specific differential expression of maternally
and paternally inherited alleles. In plants, genomic imprinting has mainly been observed in the endosperm, an ephemeral
triploid tissue derived after fertilization of the diploid central cell with a haploid sperm cell. In an effort to identify novel
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available datasets, we suggest that for maternally expressed genes (MEGs) repression of the paternally inherited alleles
largely depends on DNA methylation or PcG-mediated repression, whereas repression of the maternal alleles of paternally
expressed genes (PEGs) predominantly depends on PcG proteins. While maternal alleles of MEGs are also targeted by PcG
proteins, such targeting does not cause complete repression. Candidate MEGs and PEGs are enriched for cis-proximal
transposons, suggesting that transposons might be a driving force for the evolution of imprinted genes in Arabidopsis. In
addition, we find that MEGs and PEGs are significantly faster evolving when compared to other genes in the genome. In
contrast to the predominant location of mammalian imprinted genes in clusters, cluster formation was only detected for
few MEGs and PEGs, suggesting that clustering is not a major requirement for imprinted gene regulation in Arabidopsis.

Citation: Wolff P, Weinhofer |, Seguin J, Roszak P, Beisel C, et al. (2011) High-Resolution Analysis of Parent-of-Origin Allelic Expression in the Arabidopsis
Endosperm. PLoS Genet 7(6): €1002126. doi:10.1371/journal.pgen.1002126

Editor: Tetsuji Kakutani, National Institute of Genetics, Japan
Received December 22, 2010; Accepted April 21, 2011; Published June 16, 2011

Copyright: © 2011 Wolff et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This research was supported by grant PP003-123362 from the Swiss National Science Foundation (http://www.snf.ch/) to CK. IW was supported by an
Erwin Schrédinger fellowship from the Austrian Science Fund (http://www.fwfac.at/), and PR was supported by a Heinz Imhof Scholarship. MN and MR
acknowledge support by the Austrian Academy of Sciences. CS and MTAD were supported by the Science Foundation Ireland and the Irish Department of
Agriculture, Fisheries, and Food. CK and CS acknowledge the COST action “Harnessing Plant Reproduction for Crop Improvement” for supporting this research.
The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: claudia.kohler@slu.se (CK); marc.rehmsmeier@gmi.oeaw.ac.at (MR)

® These authors contributed equally to this work.

largely hypomethylated in the endosperm compared to the
embryo [6,7], with virtually all CG sequences methylated in the
embryo having reduced methylation levels in the endosperm [7].
Methylation levels at CG sites are partially restored in the
endosperm of mutants where the DNA glycosylase DEMETER
(DME) is disrupted [7], implicating DME to be largely responsible
for genome-wide CG demethylation in the endosperm. Repression
of the DNA methyltransferase MET] in the central cell is also

Introduction

Genomic imprinting is an epigenetic phenomenon present in
mammals and flowering plants that leads to differential expression of
alleles of the same gene dependent on the parent-of-origin. Imprinted
genes are differentially marked in the gametes, making maternal and
paternal alleles functionally different [1]. Whereas in mammals
imprinting occurs in the placenta as well as the embryo and tissues of

the adult organism, most examples of imprinted genes in plants to
date are confined to the endosperm [2]. Although examples of
imprinted genes in the plant embryo exist [3], they seem to be rare.
The endosperm is a functional analog of the mammalian placenta
and serves to support embryo growth [4]. It is a triploid tissue that is
derived after fertilization of the homodiploid central cell with a
haploid sperm cell, whereas the second sperm cell will fertilize the
haploid egg cell, leading to the formation of the diploid embryo [5].

Genome-wide studies of DNA methylation in embryo and
endosperm have revealed transposon and repeat sequences to be

@ PLoS Genetics | www.plosgenetics.org

considered to contribute to the establishment of differential DNA
methylation in the endosperm [8]. Transposon insertions or local
sequence duplications are known to recruit DNA methylation and
to initiate silencing of neighbouring genes in vegetative tissues [9].
This process is likely to render the targeted genes to be imprinted,
as the maternal alleles can escape silencing by DME-mediated
DNA demethylation in the endosperm. Based on the idea that
DNA demethylation will activate genes in the endosperm that are
silenced in vegetative tissues, Gehring and colleagues identified
five novel imprinted genes and predicted around 50 imprinted

June 2011 | Volume 7 | Issue 6 | €1002126



Author Summary

Genomic imprinting poses a violation to the Mendelian
rules of inheritance, which state functional equality of
maternally and paternally inherited alleles. Imprinted
genes are expressed dependent on their parent-of-origin,
implicating an epigenetic asymmetry of maternal and
paternal alleles. Genomic imprinting occurs in mammals
and flowering plants. In both groups of organisms,
nourishing of the progeny depends on ephemeral tissues,
the placenta and the endosperm, respectively. In plants,
genomic imprinting predominantly occurs in the endo-
sperm, which is derived after fertilization of the diploid
central cell with a haploid sperm cell. In this study we
identify more than 60 potentially imprinted genes and
show that there are different epigenetic mechanisms
causing maternal and paternal-specific gene expression.
We show that maternally expressed genes are regulated
by DNA methylation or Polycomb group (PcG)-mediated
repression, while paternally expressed genes are predom-
inantly regulated by PcG proteins. From an evolutionary
perspective, we also show that imprinted genes are
associated with transposons and are more rapidly evolving
than other genes in the genome. Many MEGs and PEGs
encode for transcriptional regulators, implicating impor-
tant functional roles of imprinted genes for endosperm
and seed development.

genes in Arabidopsis, with many such genes encoding transcription
factors and proteins with chromatin-related functions [6].

Although DNA methylation is widely recognized as a major
mechanism for imprinted gene regulation, there are several
examples suggesting that DNA methylation is not in all cases
sufficient to establish imprinted gene expression. For instance,
silencing of the maternal alleles of PHERESI (PHEI) and the
paternal alleles of MEDEA (MEA) and ARABIDOPSIS FORMIN
HOMOLOGUE 5 (AtFH5) depend on repressive activity of the
FERTILIZATION INDEPENDENT SEED (FIS) Polycomb
group (PcG) complex [10-14]. The FIS PcG complex is a
chromatin modifying complex that by trimethylating its target
genes on histone H3 at lysine 27 (H3K27me3) causes gene
repression [15]. MEA itself is a subunit of the FIS PcG complex
and autoregulates its expression by repressing the paternal MEA
allele [11-13], whereas activity of the maternal AEA allele
requires DME-mediated DNA demethylation [16,17]. Similarly,
imprinted expression of PHEI depends on both, the FIS PcG
complex and DME-mediated DNA demethylation [6,18,19].
Demethylation of a helitron remnant located 2.5 kbps down-
stream of the PHEI locus as well as binding of the FIS PcG
complex to the PHEI promoter region are required for silencing of
the maternal PHEI alleles, suggesting long-range interactions
between the repeat region and PcG proteins [19].

As demethylation of repeat elements and transposons in the
endosperm is a major mechanism giving rise to imprinted gene
expression, it has been proposed that imprinting arose as a by-
product of a silencing mechanism targeting invading foreign DNA
[6,7,20]. Another view on the evolution of imprinted genes states
that imprinting arose as a consequence of a conflict over the
distribution of resources from the mother to the offspring [21,22].
This theory predicts that there will be a selection for paternally
active genes that can maximize the transfer of nutrients to the
developing embryo, whereas the mother protects herself against
the demands of the embryo by suppressing the growth induced by
the paternally active genes. In line with this theory, imprinting
occurs in placental mammals and flowering plants, both

@ PLoS Genetics | www.plosgenetics.org
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contributing maternal resources to the progeny. Furthermore,
many imprinted genes in mammals affect both the demand and
supply of nutrients across the placenta [23]. From the few known
imprinted genes in plants, some do affect endosperm growth [24—
26] and there is evidence that some imprinted genes may be fast
evolving [27-29]. This suggests that imprinted gene expression,
although being a likely by-product of a genome defence
mechanism, may confer a selective advantage.

The discussion about the origin and evolution of imprinted gene
expression in plants has been restricted by the sparse knowledge of
imprinted loci. In this study we report on the identification of more
than 60 genes in Arabidopsis with predicted parent-of-origin
specific expression, greatly extending the number of potential
imprinted loci in plants. Our study also revealed that specifically
maternally and paternally expressed genes are regulated by
different molecular mechanisms that rely on DNA methylation
and FIS PcG function, respectively. Finally, we find that imprinted
genes in plants are more rapidly evolving when compared to all
other genes in the genome, and we propose that transposons may
have been a driving force for the evolution of imprinted gene
expression in Arabidopsis.

Results

Genome-Wide Identification of Genes with
Parentally-Biased Expression

We performed reciprocal crosses of the two Arabidopsis thaliana
accessions Col-0 and Bur-0 that offer a sufficiently high number of
small nucleotide polymorphisms (SNPs) to define the parent-of-
origin expression of the majority of genes [30]. Seeds containing
globular stage embryos were harvested at 4 days after pollination
(DAP). Microscopic analysis of seeds derived from four siliques
developing after reciprocal crosses of Col-0 and Bur-0 accessions did
not reveal obvious developmental differences (Figure 1A), suggest-
ing that Col-0 and Bur-0 accessions have similar properties when
used as maternal plant or pollen donor. We generated mRNA-
sequencing libraries of seeds derived from Col-0 x Bur-0 and Bur-
0xCol-0 crosses, which we sequenced to 80-fold and 67-fold
transcriptome coverage, respectively (see Materials and Methods).
We identified 12041 genes (q<<0.05) with maternally biased
expression (maternally expressed genes, MEGs; Table S1) and
119 genes (q<<0.05) with paternally biased expression (paternally
expressed genes, PEGs; Table S2; see Materials and Methods for
details). Within this dataset we identified seven MEGs and six PEGs
that were previously predicted to be regulated by genomic
imprinting [6]. We also identified the known imprinted genes
FWA [31], MYB3R2 [6], and At3g25260 [6] in our MEG dataset as
well as PHEI [10] and At5¢62110 [6] in the PEG dataset. Several
known imprinted genes were not identified either due to low
numbers of sequence reads (MEA and FIS2), lack of SNPs between
Col-0 and Bur-0 (MPC [26]), or lack of significant q values (4 TFH),
HDG3, HDGS8, and HDGY [6]. Several of the previously identified
mmprinted genes (HDG3, HDG8, HDGY) had significantly deviating
read numbers from a predicted 2m:1p ratio only in one direction of
the cross but not in the reciprocal cross and therefore failed to pass
our significance threshold. This suggests that genomic imprinting
can be accession-dependent and many genes may be imprinted in
one accession but biallelically expressed in another accession, as was
previously described for different alleles of the maize R and dzr/ loci
[32-33]. Together, based on SNP distributions deviating from the
expected 2m:1p genome ratio we successfully identified six out of
twelve previously identified imprinted genes, indicating that using
this approach we can successfully identify novel imprinted genes on
a genome-wide scale.
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Figure 1. Scheme of Experimental Procedures Leading to the
Identification of MEGs and PEGs in Arabidopsis. (A) Seeds derived
after reciprocal crosses of Col-0 and Bur-0 accessions are phenotypically
indistinguishable. Embyro (EMB), chalazal (CZE), micropylar (MPE) and
peripheral (PE) endosperm are indicated. Scale bars, 50 uM. (B) Outline of
filtering procedures leading to the identification of MEGs and PEGs.
doi:10.1371/journal.pgen.1002126.g001
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Identification of Imprinted Genes in the Endosperm

Genes that are regulated by genomic imprinting are expected to
be expressed in zygotic tissues, excluding genes that contribute
long lived RNAs from gametophytic tissues or that are expressed
in the maternally-derived seed coat. As we used RNA isolated
from seeds, many of the MEGs were likely to be seed coat-
expressed genes and not necessarily imprinted genes. Therefore,
we identified a stringent group of 400 genes that were
preferentially expressed in the endosperm, selecting for genes
with fivefold or greater signal log ratios (SLRs) in one of the
endosperm domains compared with the seed coat and which were
not significantly expressed in vegetative tissues (Table S3,
Figure 1B and Materials and Methods). To avoid a bias towards
strongly expressed genes, we included MEGs with low mRNA
levels (read counts higher or equal to 10 and smaller or equal to
30) having only threefold or higher SLRs in one of the endosperm
domains compared with the seed coat and which were not
significantly expressed in vegetative tissues. After this selection we
identified 39 candidate MEGs with maternally-biased expression
(Table S4), among them FWA, MYB3R2 and three predicted
imprinted genes (At2g19400, At3g23060, At4g00540 [6]). For
simplicity, candidate MEGs and PEGs will be referred to as
“MEGs” and “PEGs” throughout this manuscript. In contrast,
MEGs and PEGs that passed additional PCR-based tests will be
referred to as “confirmed MEGs and PEGs”. We considered the
possibility that some MEGs are not transcribed in the endosperm
but instead contribute long-lived maternally-inherited RNAs. This
would predict that the mRNA levels of these genes should be
reduced in seeds at 4 DAP compared to flowers containing
developed female gametophytes. Out of 39 tested genes only three
genes (Ati1gh4280, At3g26590, At4g26140) had lower expression
levels in 4 DAP seeds than in stage 12 flowers (containing eight-
nucleate/seven-celled female gametophytes [34]), implicating that
maternally stored mRNAs do not extensively bias the identifica-
tion of imprinted genes at 4 DAP. Selection for parentally-biased
expression was based on deviating sequence reads from the
expected 2m:1p ratio of maternal Col-0 (m“”) to paternal Bur-0
(™ as well as maternal Bur-0 (m®"™) and paternal Col-0 (p)
alleles. However, when analyzing the ratio of m“ to p°* as well
as m™ to p“ alleles, we noted that seven of the identified MEGs
were likely to be imprinted only in the Bur-0 accession, but not in
the Col-0 accession and one of the identified MEGs was likely to
be imprinted only in the Col-0 accession, but not in the Bur-0
accession (Table S4), considering a fivefold higher expression of
both maternal alleles over the paternal allele as maternally-biased
expression. This suggests that there is considerable accession-
dependency underlying the regulation of imprinted genes in
Arabidopsis.

Many PEGs were strongly expressed in pollen but only weakly
expressed in the endosperm (Figure S1A, S1B), implicating that
transcripts loaded after fertilization from the sperm cells into the
seed remained detectable in seeds at 4 DAP, as suggested by
previous findings [35]. Therefore, we selected for PEGs that were
present in a group of 12190 genes that we identified as being
significantly expressed in the endosperm (Table S5). After this
selection we obtained 38 genes (Table S6). Genes with
predominant expression in the embryo are expected to mimic
genes with paternally-biased expression and were excluded from
the PEG list, resulting in 27 PEGs (Table S7, Figure 1B), among
them previously identified genes PHEI [10] and At5g62110 [6] as
well as five predicted imprinted genes (At4gl 1400, Atlg48910,
At5g50470, At3g19160, At1g23320 [6]). Considering a threefold
higher expression of the paternal allele over maternal alleles as
parentally-biased expression (Figure 1B), we identified five PEGs
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that were predominantly paternally expressed when inherited from
the Col-0 parent, but biallelically expressed when inherited from
Bur-0 and one PEG that was predominantly expressed when
inherited from the Bur-0 parent but biallelically expressed when
inherited from Col-0 (Table S7).

We considered the possibility that some of the MEGs and PEGs
are regulated by parental-specific splicing. MEGs and PEGs had
on average 6-8 SNPs per gene, making it rather unlikely that for
genes with numbers of SNPs this large a single-exon splice variant
could lead to the statistically very significant differences in overall
read numbers. Nevertheless, we analyzed for every candidate gene
its female and male read distributions over all SNPs of that gene
over all SNPs of that gene with Pearsons’s chi-square test. All
MEGs and PEGs had p-values larger than 0.03, indicating that
parental-specific splicing is not a major confounding factor in our
analysis.

We tested allele-specific expression of selected MEGs and PEGs
by restriction-based allele-specific PCR analysis as well as
sequencing analysis and found eleven out of twelve MEGs tested
to be predominantly expressed from the maternal alleles in
reciprocal crosses (At1gh2460, At3g25060, At5g03020, Atlg60970,
At2¢19400,  At4g29570,  At5g46300, At3g10590, At3¢21830,
Atlgs1000, AGL36; Figure 2A). One MEG, Atlg20750, was
specifically maternally expressed in the Col-0xBur-0 cross,
whereas it was biallelically expressed in the Bur-OxCol-0 cross
(Figure 2B). Two MEGs with predicted accession-specific
imprinting (AGL28 and AGLY96) were similarly regulated
(Figure 2B), indicating that these three genes are exclusively
maternally expressed in Bur-0, but biallelically expressed in Col-0.
We also confirmed paternal-preferential expression for eight out of
twelve tested PEGs (4t4¢31900, At1g49290, At5g54550, At3g50720,
Atlgl1810, At5g50470, At5g62230, At3¢49770; Figure 2C). Three
of the twelve tested PEGs (AGL23, Atlg66630, Atlgl1810) were
preferentially paternally expressed in one direction of the cross but
biallelically expressed in the reciprocal cross, indicating a
significant accession-dependency in the regulation of PEGs
(Figure 2D). Biallelic expression of AGL23 in Col-0 is consistent
with the previously proposed role of AGL23 for female gameto-
phyte development in the Col-0 accession [36]. However, our data
suggest that the functional roles of AGL23 differ between different
Arabidopsis accessions. We furthermore confirmed the predicted
accession-specific expression of At4gl 1940, which was paternally
expressed in the cross Bur-0xCol-0, but biallelically expressed in
the reciprocal cross (Figure 2D). Together, with 19 out of 24
predicted reciprocally imprinted genes being experimentally
confirmed and experimental confirmation of three out of three
predicted accession-dependent imprinted genes, we conclude that
the majority of the newly predicted MEGs and PEGs are indeed
regulated by genomic imprinting.

Among reciprocally imprinted and accession-dependent im-
printed MEGs and PEGs we detected a significant enrichment of
nuclear localized proteins and transcription factors (Table S8),
with many of them belonging to AGL MADS-box transcription
factors (AGL36, AGL28, AGL96, PHE1, AGL23) that in yeast
two-hybrid studies were shown to directly or indirectly interact
with each other [37] as well as with AGL62 [38] (Figure S2).
AGL62 has been proposed to be a major regulator of endosperm
cellularization [38], suggesting a major regulatory role of
Imprinting genes in timing the onset of endosperm cellularization.
Furthermore, MEGs were enriched for genes encoding cytidine
deaminases (p =3 E—4) that in zebrafish as well as in mammals
have been proposed to be required for DNA demethylation
[39,40]. Whether cytidine deaminases play a similar role in the
plant endosperm remains to be tested.
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Dynamics of MEG and PEG Expression during Seed and

Vegetative Development

Whereas MEGs were filtered based on the absence of
expression in vegetative tissues, these filtering criteria were not
applied for PEGs. However, expression patterns of MEGs and
PEGs were very similar, both types of imprinted genes had a
preference for being expressed in pollen, but were mainly excluded
from vegetative tissues (Figure 3A). The expression profile of
MEGs and PEGs in seeds was very comparable as well, both types
of genes were not expressed in the seed coat, rarely expressed in
the embryo, but most MEGs and PEGs were strongly expressed in
the chalazal region of the endosperm (Figure 3B). Whereas
expression of most MEGs was confined to the chalazal region of
the endosperm, PEG expression was less restricted and extended
to the peripheral and micropylar regions of the endosperm. MEG
and PEG expression was clearly detectable in the endosperm of
seeds containing preglobular stage embryos and expression in the
chalazal endosperm remained detectable until seeds contained
cotyledon stage embryos. Expression in the micropylar and
peripheral region of the endosperm was only detectable until
seeds contained heart stage embryos, after this stage expression
remained confined to the chalazal endosperm. Average expression
levels of MEGs and PEGs in the chalazal endosperm region were
clearly above average expression levels of all genes, with
expression being highest at the preglobular stage and declining
towards the heart stage of seed development (Figure 3C).

Different Localization and Regulatory Impact of DNA
Methylation at MEG and PEG Loci

Previous studies predicted imprinted genes based on the
assumption that DNA demethylation in the central cell causes
activation of maternal alleles of genes, whereas paternal alleles
remain methylated and silenced [6]. Whereas this assumption
should predict MEGs, it is unlikely to successfully predict PEGs.
However, in our PEG dataset we found five previously predicted
mmprinted genes [6], indicating that DNA methylation is
important, but not the only regulator of imprinted gene
expression. We analyzed the CG DNA methylation status of
MEGs and PEGs in vegetative tissues and in the endosperm at 7-9
DAP using previously published data [7,41]. Allele-specific DNA
methylation patterns are established during gametogenesis and
immediately after fertilization [42,43], implicating that the
endosperm DNA methylation profile at 7-9 DAP is similar to
the profile at 4 DAP (time point of this study). There are two main
classes of MEGs distinguishable based on the CG DNA
methylation profile: MEGs without substantial CG DNA meth-
ylation in immediate vicinity to the genic regions (Figure 4 and
Figure S3A-S3C) and MEGs with high levels of CG DNA
methylation surrounding genic regions (Figure 5 and Figure S3D—
S3F).

The CG DNA methylation profile of PEGs was clearly
distinguishable from the MEG CG profiles; almost all PEGs had
CG methylation peaks on average about 700 bps up- or
downstream of the coding regions, whereas coding regions and
the immediate up- and downstream regions were mostly devoid of
CG DNA methylation (Figure 6 and Figure S4), suggesting that
low levels of DNA methylation in this region are important for
keeping PEGs transcriptionally active when paternally inherited
and that DNA methylation at this region is unlikely to be
responsible for keeping maternal alleles of PEGs silenced. The
level of CG methylation in MEGs and PEGs was reduced in the
endosperm providing an explanation why MEGs and PEGs were
predicted in a previous study [6].
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Figure 2. Allele-Specific Expression Analysis of MEGs and PEGs. Seeds of reciprocal crosses of Col-0 and Bur-0 accessions were harvested at 4
DAP and allele-specific expression was tested by restriction-based allele-specific PCR analysis or sequencing. MEGs and PEGs that are imprinted in
both directions of the cross are shown in (A) and (C), MEGs and PEGs that are accession-dependently imprinted are shown in (B) and (D). Asterisks
indicate unspecific PCR bands. Size differences between controls and cDNA samples are caused by the presence of introns in amplified regions.

doi:10.1371/journal.pgen.1002126.g002

Demethylation of the paternal genome by mutations in the
DNA methyltransferase MET] has been demonstrated to cause
biallelic expression of several MEGs [26,31,44,45]. Therefore, we
tested allele-specific expression of confirmed MEGs in seeds
derived after pollination with pollen of met! /METI plants. Out of
six tested MEGs that were not substantially CG methylated in the
genic region, there were three genes that became either
biallelically expressed upon pollination with met/ pollen
(At1g52460) or exclusively paternally expressed (At5g46300,
At3g10590; Figure 4). The accession-dependent imprinted gene
Atlg20730 which was preferentially maternally expressed in the
cross Col-0xBur-0 but biallelically expressed in the reciprocal
cross became as well paternally expressed upon met! pollination
(Figure 4). Analysis of non-CG DNA methylation revealed that
within a distance of 2 kbps upstream of the transcriptional start
site MEGs At5g46300, At5g10590 and At1g20730 were substan-
tially marked by CHG or CHH methylation (Figure S5A),
suggesting that non-CG DNA methylation might be involved in
the repression of paternal MEG alleles. Non-CG DNA methyl-
ation levels were higher in the endosperm compared to vegetative
tissues, in agreement with previous reports on frequent small
interfering RNA-targeted hypermethylation of CHG and CHH
target sites in the endosperm [7]. Out of five tested MEGs with
substantial CG DNA methylation in the vicinity of genic regions
only one MEG became reactivated upon pollination with met/
pollen (A#5¢23060; Figure 5), suggesting that prominent CG DNA
methylation marks are not a decisive criterion for DNA
methylation-dependent repression of the paternal MEG alleles.
Conversely, the absence of prominent CG DNA methylation in
vicinity of genic regions does not exclude a regulatory role of DNA
methylation on the activity status of paternal MEG alleles.

MEGs and PEGs Are Regulated by the FIS PcG Complex

As DNA methylation seemed unlikely to be responsible for
repression of the paternal alleles of many MEGs as well as the
maternal alleles of PEGs, we further investigated by which
alternative mechanism imprinting of MEGs and PEGs is
regulated. Almost all PEGs (25 out of 27 PEGs and accession-
dependent PEGs) and many MEGs (31 out of 39 MEGs and
accession-dependent MEGs) were PcG target genes in vegetative
tissues (Tables S4, S7). In the endosperm, the average H3K27me3
levels of MEGs and PEGs were clearly increased over the
H3K27me3 levels of all genes, with the H3K27me3 levels of PEGs
being twice as high as the H3K27me3 levels of MEGs (Figure S6),
suggesting that silencing of the maternally inherited alleles of PEGs
is mediated by the FIS PcG complex. This hypothesis would
predict increased expression of PEGs upon loss of FIS function.
We tested this hypothesis by analyzing expression levels of PEGs in
fis2 mutants at 3 DAP and 6 DAP. Indeed, half of all PEGs and
accession-dependent PEGs were significantly upregulated in the
Jis2 mutant (Figure 6 and Figure S4). Furthermore, we tested
allele-specific expression of four confirmed PEGs (4¢4g51900,
Atl1g49290, Atdbgh4550, At5¢50720) and one accession-dependent
confirmed PEG (At/g66630) in fis2 and fie mutants lacking
maternal FIS function. For all four PEGs as well as the
accession-dependent PEG loss of FIS function caused activation
of maternal PEG alleles, adding further support to our hypothesis
(Figure 6).

@ PLoS Genetics | www.plosgenetics.org

Also 13 out of 39 MEGs and accession-dependent MEGs were
significantly upregulated in the fis2 mutant (Figure 4, Figure 5 and
Figure S3). However, allele-specific expression analysis revealed
reactivation of the paternal MEG allele in only two out of eleven
tested MEGs (At5g03020, At2g19400; Figure 4 and Figure 5),
indicating that increased expression of MEGs in fis2 mutants is not
necessarily a consequence of paternal MEG allele activation, but is
likely caused by an increased expression of the maternal MEG
alleles.

Previous studies revealed global deregulation of FIS PcG target
genes In response to interploidy crosses (2n X 4n) [46,47]. Global
deregulation of imprinted genes was furthermore proposed to
account for interploidy seed defects [48]. Therefore, if the FIS PcG
complex plays a major role in the regulation of imprinted genes,
imprinted genes should become largely deregulated in response to
mterploidy crosses. We tested this hypothesis by analyzing MEG
and PEG expression in seeds derived after pollination of diploid
plants with tetraploid pollen donors. Indeed, most MEGs and
PEGs that were deregulated in fis2 were as well significantly
deregulated in triploid seeds derived from interploidy crosses,
adding support to this hypothesis (Figure 4, Figure 5, Figure 6,
Figure S3 and Figure S4).

Together, our data reveal that maternal and paternal alleles of a
subset of MEGs and maternal alleles of PEGs are regulated by the
FIS PcG complex. The FIS PcG complex confers tight repression
of the maternal PEG alleles and some paternal MEG alleles,
whereas it mainly modulates expression of many maternal MEG
alleles.

MEGs and PEGs Are Often Neighboured by Transposable
Elements

Transposable elements have been implicated as the driving
force for the evolution of imprinted gene expression [6,7,20].
Therefore, we addressed the question whether MEGs and PEGs
have an increased likelihood to contain transposable elements in
their vicinity compared to other detectable genes. Indeed, this test
revealed a significantly increased likelihood for MEGs (p<<0.009)
as well as PEGs (p<<1.3E-6). We also tested whether a particular
subclass of transposable elements is enriched in the vicinity of
MEGs and PEGs. Among the tested eclements we noted a
significant enrichment for RC/helitrons in PEGs (p<2.7 E-5).
MEGs also had more RC/helitrons than expected by chance (8
versus D), which was, however, not statistically significant
(p<<0.08). The presence of helitrons was previously reported
within the 5 region of imprinted genes MEA [49], FWA [31],
HDG3 and HDGY [6], implicating a functional association between
the presence of helitrons and imprinted gene expression. Among
MEGs we also noted a significant enrichment for MuDR (p = 0.01)
and DNA transposable elements (p = 0.024), however, it is possible
that (due to the relatively small sample size) enrichments for other
elements were not detected. Correlating with a different CG DNA
methylation pattern of MEGs and PEGs, the location of
transposable elements in relation to the transcriptional start or
stop differed between MEGs and PEGs (Iigure 7B). PEGs had a
much greater median distance of transposable elements in relation
to the transcriptional start and stop compared to MEGs
(Figure 7B), supporting previous observations of a distally located
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accession-dependent MEGs and PEGs) based on their expression in vegetative tissues and seeds. Each row represents a gene, and each column
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particular gene is highly expressed or repressed, respectively. (B) Cluster analysis of MEGs and PEGs (including accession-dependent MEGs and PEGs)
based on their expression in embryo, endosperm and seed coat during different stages of seed development. Each row represents a gene, and each
column represents a tissue type. Tissue types are: embryos from the preglobular stage to the mature stage, micropylar (MPE), peripheral (PE) and
chalazal (CZE) endosperm derived from seeds containing embryos of the preglobular stage to the mature stage, and seed coat derived from seeds
containing embryos of the preglobular stage to the mature stage. Red or green indicate tissues in which a particular gene is highly expressed or
repressed, respectively. (C) Box plots of expression levels of MEGs (including accession-dependent MEGs; red) and PEGs (including accession-
dependent PEGs; blue) compared to all genes (gray) in the chalazal endosperm region of seeds containing preglobular, globular and heart stage
embryos. SLRs, Signal Log Ratios based on ATH1 microarray signals after RMA normalization.

doi:10.1371/journal.pgen.1002126.9g003

helitron remnant being required for imprinted expression of the

PEG PHEI [19].

MEGs and PEGs Are Faster Evolving When Compared to
the Rest of the Genes in the Arabidopsis thaliana Genome

A number of studies of imprinted genes in both mammals and
plants have found evidence that imprinted genes are rapidly
evolving under positive Darwinian selection [27-29]. To deter-
mine whether either MEGs or PEGs displayed any evidence of fast
evolution, pairwise dN/dS calculations were performed for the
entire genome of Arabidopsis thaliana. Using reciprocal BLASTP
searches, 19,965 orthologous pairs of proteins (gene models) were
identified between Arabidopsis thaliana and Arabidopsis lyrata from the
27,235 Arabidopsis thaliana gene models tested. These included 27
(69.23%) of the MEGs and accession-dependent MEGs and 19
(70.37%) of the PEGs and accession-dependent PEGs identified in
this study. Gene models not returning reciprocal BLAST results
were not considered further for dy/dg analysis. Those gene models
tested were then split into MEGs, PEGs and a third group
representing the remaining genes tested. All three classes were
then compared to determine whether there was any difference in
relation to dy/ds values which measure rate of evolution of a
protein coding-locus (Table S9).

In all three classes most genes have a dy/dg of less than one
suggesting some level of purifying selection. However, the dy/dg
value (as calculated here) is an average across the whole CDS
sequence and masks potential heterogeneity of selection pressures
across the gene. Despite this caveat, the dy/ds differences between
imprinted and biallelically expressed genes is quite striking. For
both MEGs and PEGs the reported median dy/dy is significantly
higher than that of the background d/ds for the remainder of the
genome (p =1.184e-05 and p=2.991e-08 respectively, Wilcoxon
Rank Sum), indicating that uniparentally expressed imprinted
genes are fast evolving when compared to biallelically expressed
genes (as represented by the background d)y/dg values). However,
although the median d)/ds for the MEGs is observed to be a third
higher than that of the PEGs this difference is not reported as
significant (p =0.1614, Wilcoxon Rank Sum).

Also notable within the MEGs is that eight (~30%) of all the
MEGs tested (i.e. Atlg61090, At5g57250, Atigb1000, At5g46300,
At4g29570 Atlgl 2180, At1gh2460 and Atlg07690) reported a dy/ds
value greater than one providing particularly strong evidence of
fast evolution for these genes.

Within the PEGs, only one of the genes (~5%; At2g20160)
displayed a dy/dg value greater than one. However, statistical
testing did not reveal a significant difference between the number
of fast evolving MEGs and PEGs (p =0.0851, Fisher2019s exact
test). Full details of the dy/dg analysis for both MEGs and PEGs is
presented in Tables S10 and S11.

A Subset of MEGs and PEGs Are Located in Clusters
Imprinted loci in mammals are clustered over megabase regions

in the genome and this clustering is essential to their imprinted

regulation [50]; raising the question whether imprinted loci in
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Arabidopsis are located within clusters as well. We searched for
clustered MEGs and PEGs (including accession-dependent MEGs
and PEGs) by applying a sliding window analysis. Using window
sizes of 50 genes, significantly higher numbers of MEGs and PEGs
were found to occur in clusters than expected by chance (p<<0.05;
Figure S7). We identified five MEG clusters containing two to
three genes as well as three PEG clusters containing two genes
(Figure 8A, 8B). Interestingly, most clusters contained either
homologous MEGs or PEGs, or non-imprinted homologs of
MEGs and PEGs (Figure 8A, 8B), implicating local sequence
duplications as a driving force for the formation of imprinted
genes. If so, there should be a higher incidence of imprinted genes
having close sequence homologs compared to the genome-wide
frequency of homologous genes. We tested this hypothesis by
analyzing the number of close homologs to MEGs and PEGs and
found indeed that MEGs and PEGs have an increased frequency
of close homologs in comparison to the genome-wide frequency
(p<<0.05, Table S12), suggesting that gene duplications are in most
cases connected with the formation of imprinted genes in
Arabidopsis. Therefore, it seems possible that cluster formation
of MEGs and PEGs is a consequence of local gene duplication and
not essential for imprinted gene regulation, in agreement with the
finding that only a subset of imprinted genes is localized in clusters.

Discussion

Unravelling the biological significance of genomic imprinting is
crucially dependent on the identification of the majority of
mmprinted gene loct. In our study we succeeded in identifying more
than 60 potentially imprinted loci, with a similar ratio of
specifically maternally and paternally expressed imprinted genes.
We successfully identified six out of twelve previously known
imprinted genes, proving that our strategy can successfully identify
novel imprinted genes. Six previously identified imprinted genes
were not identified either because these genes are only weakly
expressed at 4 DAP (MEA and FIS2) [46], they lack polymorphic
sites between Col-0 and Bur-0 or because of accession-dependent
imprinting. We only considered a gene to be imprinted if it had
significantly deviating read numbers from the expected maternal
to paternal ratio in both directions of the crosses. Those genes that
passed this significance threshold were again tested for significant
deviating read numbers when comparing the maternal and
paternal Col-0 alleles versus the maternal and paternal Bur-0
alleles. Based on this comparison about 10% of the identified
MEGs and 20% of the identified PEGs are likely to be imprinted
only in one accession, however, many accession-dependent
imprinted genes did not pass our first significance threshold (e.g.
HDG3, HDG8, HDGY), suggesting that the number of accession-
dependent imprinted genes is significantly higher. It has been
noted that there is a difference between Arabidopsis accessions in
their tolerance to interploidy crosses [51], whether accession-
dependent imprinted genes are the underlying cause for this
phenomenon is an attractive hypothesis.

Using publicly available microarray datasets we stringently
filtered our MEG dataset for genes that are not expressed in
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Figure 4. Impact of DNA Methylation and FIS PcG Function on the Regulation of Confirmed MEGs without Prominent Genic CG DNA
Methylation. (A) Allele-specific expression analysis of indicated MEGs in seeds derived from crosses of Col-0xBur-0, Bur-0xCol-0, fis2xBur-0 and
Col-0xmet1. Seeds were harvested at 4 DAP and allele-specific expression was tested by restriction-based allele-specific PCR analysis or sequencing.
Asterisks indicate unspecific PCR bands. (B) Fold-changes of MEG expression in fis2 mutant seeds at 3 and 6 days after pollination (DAP) and from
seeds derived from pollination with tetraploid pollen donors at 6 DAP compared to wild-type seeds at the corresponding time points. Data are based
on ATH1 microarray signals after RMA normalization. Significantly deregulated genes are marked by an asterisk. (C) CG DNA methylation profiles of
indicated MEGs in vegetative tissues (black line) or endosperm (red line) based on data published by [7,41]. The gray bar represents the annotated
gene body from transcription start (left) to transcription end (right). Red boxes represent transposable elements. Profiles are shown for 5% length
intervals along the gene body and for 100 bp sequence intervals for the 2-kb regions upstream and downstream of each gene. The vertical dotted
lines mark the gene body. The horizontal dashed line marks the DNA methylation level in vegetative tissues of TAIR8-annotated genes at the
transcriptional start site. (D) H3K27me3 profiles of indicated MEGs in vegetative tissues (black line) or endosperm (red line) based on data published
by [52,64]. The gray bar represents the annotated gene body from transcription start (left) to transcription end (right). Red boxes represent
transposable elements. Profiles are shown for 5% length intervals along the gene body and for 100 bp sequence intervals for the 2-kb regions
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upstream and downstream of each gene. The vertical dotted lines mark the gene body. The horizontal dashed line marks the H3K27me3 level of
TAIR8-annotated genes at the transcriptional start site.
doi:10.1371/journal.pgen.1002126.9g004

vegetative tissues and the seed coat. This filtering allowed us to expressed during vegetative development, suggesting that we have
predict genes with allele-specific expression in the endosperm, but identified a significant number of MEGs present in the genome.
using this strategy we lost genes that are either not present on the Although PEGs were not filtered against vegetative or seed coat
ATHI microarray (about 25%) or that are expressed in vegetative expression, the majority of PEGs were similarly excluded from
tissues but are still regulated by genomic imprinting. However, the expression In vegetative tissues, indicating that imprinted genes in
vast majority of known imprinted genes are not significantly Arabidopsis have mainly endosperm-restricted functions.
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Figure 5. Impact of DNA Methylation and FIS PcG Function on the Regulation of Confirmed MEGs with Prominent Genic CG DNA
Methylation. (A) Allele-specific expression analysis of indicated MEGs in seeds derived from crosses of Col-0xBur-0, Bur-0xCol-0, fis2 xBur-0 and
Col-0xmet1. Seeds were harvested at 4 DAP and allele-specific expression was tested by restriction-based allele-specific PCR analysis or sequencing.
(B) Fold-changes of MEG expression in fis2 mutant seeds at 3 and 6 days after pollination (DAP) and from seeds derived from pollination with
tetraploid pollen donors at 6 DAP compared to wild-type seeds at the corresponding time points. Data are based on ATH1 microarray signals after
RMA normalization. Significantly deregulated genes are marked by an asterisk. (C) CG DNA methylation profiles of indicated MEGs in vegetative
tissues (black line) or endosperm (red line) based on data published by [7,41]. The gray bar represents the annotated gene body from transcription
start (left) to transcription end (right). Red boxes represent transposable elements. Profiles are shown for 5% length intervals along the gene body
and for 100 bp sequence intervals for the 2-kb regions upstream and downstream of each gene. The vertical dotted lines mark the gene body. The
horizontal dashed line marks the DNA methylation level in vegetative tissues of TAIR8-annotated genes at the transcriptional start site. (D) H3K27me3
profiles of indicated MEGs in vegetative tissues (black line) or endosperm (red line) based on data published by [52,64]. The gray bar represents the
annotated gene body from transcription start (left) to transcription end (right). Red boxes represent transposable elements. Profiles are shown for 5%
length intervals along the gene body and for 100 bp sequence intervals for the 2-kb regions upstream and downstream of each gene. The vertical
dotted lines mark the gene body. The horizontal dashed line marks the H3K27me3 level of TAIR8-annotated genes at the transcriptional start site.
doi:10.1371/journal.pgen.1002126.g005
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Figure 6. Impact of FIS PcG Function on the Regulation of Confirmed PEGs. (A) Allele-specific expression analysis of indicated PEGs in seeds
derived from crosses of Col-0xBur-0, Bur-0xCol-0, fis2 xBur-0, and fie xBur-0. Seeds were harvested at 4 DAP and allele-specific expression was tested
by restriction-based allele-specific PCR analysis or sequencing. Asterisks indicate unspecific PCR bands. (B) Fold-changes of PEG expression in fis2
mutant seeds at 3 and 6 days after pollination (DAP) and from seeds derived from pollination with tetraploid pollen donors at 6 DAP compared to
wild-type seeds at the corresponding time points. Data are based on ATH1 microarray signals after RMA normalization. Significantly deregulated
genes are marked by an asterisk. (C) CG DNA methylation profiles of indicated PEGs in vegetative tissues (black line) or endosperm (red line) based on
data published by [7,41]. The gray bar represents the annotated gene body from transcription start (left) to transcription end (right). Red boxes
represent transposable elements. Profiles are shown for 5% length intervals along the gene body and for 100 bp sequence intervals for the 2-kb
regions upstream and downstream of each gene. The vertical dotted lines mark the gene body. The horizontal dashed line marks the DNA
methylation level in vegetative tissues of TAIR8-annotated genes at the transcriptional start site. (D) H3K27me3 profiles of indicated PEGs in
vegetative tissues (black line) or endosperm (red line) based on data published by [52,64]. The gray bar represents the annotated gene body from
transcription start (left) to transcription end (right). Red boxes represent transposable elements. Profiles are shown for 5% length intervals along the
gene body and for 100 bp sequence intervals for the 2-kb regions upstream and downstream of each gene. The vertical dotted lines mark the gene
body. The horizontal dashed line marks the H3K27me3 level of TAIR8-annotated genes at the transcriptional start site.
doi:10.1371/journal.pgen.1002126.g006

Different Experimental Strategies Result in the MEG dataset (78%, 89 genes, Figure S8A; Table S15). However,
Identification of Complementary Sets of Imprinted Genes when analyzing the expression of these genes within different seed

We compared the MEGs and PEGs identified in our study with tissues we found the majority of them being strongly expressed in
MEGs and PEGs identified by a similar approach using the the seed coat (Figure S9) and did, therefore, not pass our stringent
accession combinations Landsberg erecta (Ler) and Col [45]. filtering criteria. Only eight out of 39 predicted MEGs identified in
Whereas the majority of unfiltered MEGs identified by Hsieh this study were as well present in the unfiltered dataset of Hsieh
and colleagues were present in our unfiltered MEG dataset (84 %; and colleagues (Figure S8A; Table S16) [45], indicating that
549 genes; Tables S13 and S14), only six genes were commonly differences in the filtering cannot sufficiently explain the
identified as MEGs after filtering (Table S17; Figure S8A). The differences between the identified MEG datasets. Similarly, only
majority of MEGs defined by Hsieh and colleagues as being seven out of 119 predicted unfiltered PEGs overlapped with the
expressed in the endosperm were also present in our unfiltered unfiltered PEG dataset of Hsieh and colleagues (Table S18 and
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Table S19, Figure S8B), supporting the view that differences in
filtering strategies do not fully account for the different datasets. It
thus seems likely that the different experimental setup between this
study and the study by Hsich and colleagues, including different
accession combinations and different developmental stages (4 DAP
versus 7-9 DAP in [45]) resulted in the identification of
complementary datasets.

Regulation of MEGs and PEGs by DNA Methylation and
the FIS PcG Complex

Most PEGs were devoid of CG DNA methylation around the
transcriptional start site, indicating that DNA methylation is not
responsible for silencing of maternal PEG alleles. Instead, we
provide evidence that silencing of at least some maternal PEG
alleles is mediated by the FIS PcG complex. We found that PEG
loci have high H3K27me3 levels in the endosperm, and
importantly, many PEGs were activated upon loss of FIS function,

@ PLoS Genetics | www.plosgenetics.org
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which is likely contributed by reactivation of maternal PEG alleles.
We also detected increased expression of MEGs upon loss of FIS
function. However, this was not a necessary consequence of
paternal MEG allele reactivation, but often caused by an
activation of maternal MEG alleles, suggesting that endosperm
hypomethylation makes maternal MEG alleles vulnerable to FIS
silencing. This hypothesis is supported by previous findings from
our group showing that genes and transposable elements are
targeted by the FIS PcG complex in the endosperm, which are
protected from PcG targeting by DNA methylation in vegetative
tissues [52]. Which mechanism prevents the FIS complex from
targeting paternal alleles of PEGs? We previously showed that
DNA demethylation of a distally located region together with the
promoter-localized FIS PcG complex are required for silencing of
maternal PHET alleles, suggesting that long-range interactions of
sequence elements are required for efficient silencing of maternal
PHE] alleles [19]. Here, we show that PEGs are flanked by
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AT1G01530
AT1G07690

AT1G12180

AT1G19160

AT1G20680
AT1G20690

AT1G20730

AT1G51000
AT1G51010
AT1G51030

AT1G51300

AT1G60970
AT1G61090

AT1G11810
AT1G17770

AT1G23320

AT1G34650
AT1G35183

AT1G48910
AT1G49290

AT1G60400
AT1G60410

AT1G60740

AT1G61330
AT1G65330

AT1G65360
AT1G66630
AT1G67830

AT2G18880
AT2G19400

AT3G10890
AT3G10900

AT3G57250

MEGs without

AT3G10590

AT3G21830
AT3G23060

AT3G26590

Parent-of-Origin Allelic Expression in Arabidopsis

v

AT4G00540

AT4G22050
AT4G22400

e AT4G25530
i AT4G26140

-] AT4G29570
xxl ATAG29580
il AT4G29600
gkl AT4G29610

9 AT4G29620

] AT4G29640
J AT4G29650

homologs in cluster

= MEGs with homologs in cluster
Exxx Homologs of MEGs (not imprinted)

AT2G20160 I
w

AT3G19160

AT4G10160
AT4G11400
AT4G11940

AT4G20800

AT3G49770
AT3G50720

AT4G31900
AT3G62230

PEGs without homologs in cluster

B= PEGs with homologs in cluster
Exxx Homologs of PEGs (not imprinted)

Vv

i AT5G15140

A& AT5603020

AT5G06500
AT5G08360

AT5G26650

AT5G46300

AT5GS50470
AT5G54350

Figure 8. Some MEGs and PEGs Are Located in Clusters. Chromosomal distribution of MEGs and accession-dependent MEGs (A) and PEGs and
accession-dependent PEGs (B) along the chromosomes. Accession-dependent MEGs and PEGs are italicized. Genes located in clusters are boxed.
Clustered MEGs and PEGs having homologs within the cluster are highlighted in green and orange, respectively. Non-imprinted homologs of
clustered MEGs and PEGs are indicated by cross signs.
doi:10.1371/journal.pgen.1002126.9g008
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regions of high CG DNA methylation levels, suggesting that upon
DNA demethylation in the endosperm these regions are targeted
by the FIS PcG complex, conferring tight repression of maternal
PEG alleles. In support of this hypothesis, we found high
H3K27me3 levels in PEG flanking regions, which were much
higher than the H3K27me3 levels present in vegetative tissues
(Figure 6, Figure S4 and Figure S6).

The impact of hypomethylation on the activity status of the
paternal MEG alleles was contrasted by the lack of CG DNA
methylation in the immediate vicinity of several MEGs. However,
MEGs lacking GG methylation often contained substantial levels
of non-CG DNA methylation (Figure S5), implicating that non-
CG DNA methylation regulates paternal MEG alleles. Reactiva-
tion of these alleles upon loss of MET1 function might be a
consequence of a proposed feedback between CG and non-CG
DNA methylation [53,54]. Therefore, it seems possible that the
paternal alleles of some MEGs are silenced by non-CG
methylation established specifically in the endosperm and
reactivation of the paternal alleles requires loss of non-CG
methylation.

In stark contrast to silencing of MEGs and PEGs during
vegetative development, many MEGs and PEGs were expressed in
pollen. The vegetative cell of pollen has low levels of DNA
methylation [55], suggesting that reduced levels of DNA
methylation in the vegetative cell cause activation of MEGs,
similar to the activation of maternal MEG alleles in the
endosperm. Whether activation of PEGs in pollen is caused by
reduced PcG protein activity in the vegetative cell of pollen
remains to be tested.

Evolution of Imprinted Genes

Our study also sheds light on the evolution of imprinted genes,
as we found a significant enrichment of transposon insertions in
vicinity to MEGs and PEGs. In particular helitrons were strongly
enriched in the vicinity of PEGs and were also overrepresented
(albeit not statistically significant) in the vicinity of MEGs.
Helitrons are eukaryotic DNA transposons which constitute
>2% of the Arabidopsis genome. A striking feature of helitrons
is their capacity to capture and propagate host genes, making them
powerful factors shaping the evolution of genomes [56]. Although
the rate of gene capture in Arabidopsis is predicted be to low
compared to the major occurrence of gene capture in maize [57],
it 1s possible that these predictions are a drastic underestimation
due to rapid purging of helitron elements in Arabidopsis [58].
Thus, it is possible that helitron-mediated gene duplications which
generate increased gene dosage may set the ground for imprinted
gene evolution. Interestingly, we found a higher incidence of
MEGs and PEGs having close sequence homologs, however,
whether these duplications are a consequence of helitron activity
remains to be shown.

If parental conflicts involving imprinted genes are mediated by
amino-acid changes in the gene products of imprinted loci under
antagonistic co-evolution, such imprinted loci may be subject to
rapid evolution, possibly under positive Darwinian selection [27—
29]. The identification of 60 potentially imprinted genes in
Arabidopsis provided the opportunity for an initial exploration of
whether the MEGs and PEGs identified displayed any evidence of
rapid evolution. When the dy/dg values of the imprinted genes
(MEGs and PEGs and accession-dependent MEGs and PEGs)
were compared with the average dy/ds values for all other genes in
the genome it is clear that imprinted genes in Arabidopsis are
more rapidly evolving. Furthermore, a significant proportion of
the MEGs displayed dy/ds values greater than 1 which is
indicative of fast evolving genes. Further sequencing of these
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imprinted genes in populations and outgroup species will
determine whether these genes are undergoing positive Darwinian
selection or are under relaxed constraints.

Imprinted genes are predominantly expressed in the endo-
sperm, implicating a specific role of these genes during endosperm
development. Alternatively, it is possible that imprinted genes are
on the trajectory to become pseudogenes and therefore, are
silenced during vegetative development. However, the fact that
many imprinted genes have functional roles as transcription
factors or have chromatin modifying activity supports a proposed
functional role of imprinted genes for endosperm development. To
identify these functions and to test whether MEGs and PEGs have
indeed antagonistic roles in controlling endosperm growth as it has
been proposed previously [21,22], will remain the challenge of
future investigations.

Materials and Methods

Plant Material and Growth Conditions

The Arabidopsis thaliana accessions used in this study were Col-0
and Bur-0. The fis2-5 and met1-3 mutants (both in Col accession)
were described previously [52,59]. The newly identified fie-12
allele (GK_362D08; Col-0 accession) contains a T-DNA insertion
within the third exon. The fie-12 seed abortion ratio and mutant
seed phenotypes were analyzed and found to be similar to
previously published fe alleles (data not shown). All mutants were
heterozygous and the genotype confirmed by PCR analysis. Plants
were grown in a growth cabinet under long day photoperiods
(16 h light and 8 h dark) at 22°C. After 10 days, seedlings were
transferred to soil and plants were grown in a growth chamber at
60% humidity and daily cycles of 16 h light at 22°C and 8 h
darkness at 18°C. For reciprocal crosses, designated female
partners were emasculated, and the pistils hand-pollinated two
days after emasculation.

Phenotypic Analysis of Seed Development in Col-0 and
Bur-0 Accessions

To control for variations in seed development between Col-0
and Bur-0 accessions, siliques were harvested 4 DAP and fixed
overnight in 9:1 ethanol:acetic acid. Siliques were dissected to
release seeds into clearing solution (67% chloralhydrate in 8%
glycerol) for overnight incubation. Microscopy imaging was
performed using a Leica DM 2500 microscope using DIC optics
(Leica Microsystems, Wetzlar, Germany), images were captured
using a Leica DFC300 FX digital camera (Leica) and exported
using Leica Application Suite Version 2.4.0.R1 (Leica Micro-
systems) and processed using Photoshop 7.0 (Adobe).

RNA Extraction and cDNA Synthesis

Seeds of at least 40 siliques per sample were harvested into 50 ul
RNAlater (Sigma, Buchs, Switzerland) at 4 DAP. Glass beads
(1.25-1.55 mm) were added, and the samples were ground
unfrozen in a Silamat S5 (Ivoclar Vivadent, Ellwangen, Germany).
RNA was extracted using the RNeasy Plant Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions.
For ¢cDNA synthesis residual DNA was removed using the Qiagen
RNase-free DNase Set and ¢cDNA was synthesized using the
Fermentas First strand cDNA synthesis kit (Fermentas, Burlington,
Canada) according to the manufacturers instruction.

Preparation of mRNA-Sequencing Libraries

Sequencing libraries were prepared with the Illumina mRNA-
Seq Sample Prep Kit (Illumina, San Diego, USA) according to the
manufacturer’s instructions. After adapter ligation library frag-
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ments of ~250 bp were isolated from an agarose gel. The DNA
was PCR amplified with Illumina primers for 15 cycles, purified
and loaded on an Illumina flow cell for cluster generation.
Libraries were sequenced on the Illumina Genome Analyzer II
following the manufacturer’s protocols.

Bioinformatic Analysis

Identification of SNP-associated reads. TAIR8 chromo-
some sequences were downloaded from TAIR (ftp.arabidopsis.org/
home/tair/ Genes/TAIR8_genome_release/tair8.at.chromosomes.
fas, chromosomes 1 to)), together with the TAIR8 genome an-
notation (ftp.arabidopsis.org/home/tair/Genes/TAIR8_genome_
release/ TAIR8_gff3/TAIR8_GFI3_genes.gff). Bur-0 SNPs [30],
569,859 SNPs in total for chromosomes 1 to 5, were downloaded
from the 1001 genomes website (http://1001genomes.org/data/
MPI/MPIOssowski2008/releases/2008_06_05/strains/Bur-0/
Bur-0_homozygous_snp_080605.txt). For each of the 569,859
Col-0/Bur-0 SNPs, we extracted a 71nt genomic window around
the SNP (SNP position plus/minus 35nt) from the Col-0 reference
sequence and annotated it as a Col-0 window. The nucleotide in
the SNP was then replaced by the Bur-0 variant and the resulting
sequence annotated as a Bur-0 window.

A suffix array was constructed from the union of Col-0 and Bur-
0 windows with the mkvtree program (http://www.vmatch.de/)
[60]. RNAseq reads were mapped with the vmatch program
(http://www.vmatch.de/) in both forward and reverse comple-
mentary orientation (options -d and -p), allowing up to two
mismatches (option -h 2), requiring the whole read to map (option
-1 36), and generating maximal substring matches that are unique
in the Col-0/Bur-0 window dataset (option -mum cand). This
procedure resulted in 8,576,779 matches for Bur-x-Col reads (out
of 102,705,076 total reads) and 6,773,239 matches for Col-x-Bur
reads (out of 122,367,092 total reads). SNP windows were
associated with gene ids via the TAIR8 genome annotation by
overlapping with or being included in a gene region (gene start to
end, ignoring exon/intron structure). SNP windows that were
associated with more than one gene were discarded. From the
remaining SNP windows, the grand total associated with a gene
was defined as that gene’s expression level. 147,349 SNP windows
were matched by at least one read in one of the two reciprocal
experiments, accounting for 19,161 genes, out of 25,189 genes that
had at least one SNP in at least one exon, out of 28,523 annotated
genes in total. Sequencing raw data generated in this study are
available at GEO, accession number GSE27292.

Testing for allele-specific expression. For each gene and
cross (Col-0xBur-0 and Bur-0xCol-0), we performed a binomial
one-sided test against the null-hypothesis of 2m:1p expression. The
resulting p-values were the probabilities of deviation from the
expected 2m:1p ratio towards either larger maternal expression or
larger paternal expression under the null-hypothesis of an
unbiased 2m:lp expression. The two p-values for maternal
expression from the two reciprocal crosses (pl, p2) were
summarized in a joint p-value based on the distribution of the
second-order statistic by calculating p =max(pl,p2)"2. Joint p-
values for paternal expression were calculated analogously. Joint p-
values, either describing reciprocal maternal expression or
reciprocal paternal expression, were sorted in ascending order
(from significant to insignificant), and for each joint p-value the
false-discovery rate (FDR) [61] was calculated, as q = p*n/i, where
n was the overall number of joint p-values and i1 was the rank of a
given p-value. Genes with a g-value of 0.05 or less were selected as
maternally or paternally expressed genes.

Parental-specific splicing was tested by analyzing for every
candidate gene the numbers of reads across all SNPs of that gene,
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using Pearson’s chi-square test (R function chisq.test with
parameter simulate.p.value =T).

Filtering for endosperm-expressed genes and analysis of
MEGs and PEGs. Filtering for endosperm-specific gene
expression was performed by using data from endosperm
transcript profiles generated in the laboratories of Bob Goldberg
(UCLA), John Harada (UC Davis), Brandon Le (UCLA), Anhthu
Bui (UCLA), and Julie Pelletier (UC Davis) that are available
under http://estdb.biology.ucla.edu/genechip/project [62]. The
same data were used to generate Figure 3. Reference transcript
profiles from vegetative tissues (seedlings, cotyledons, hypocotyl,
leaves, stems, roots, shoot apical meristem), flowers and siliques
were published by [63]. Genes were considered as preferentially
expressed in the endosperm if the SLRs in one of the endosperm
domains were at least fivefold higher than the SLRs of the seed
coat and SLRs were below five in vegetative tissues. MEGs with
low mRNA levels (read counts higher or equal 10 and smaller or
equal 30) were considered as being endosperm-preferred expressed
if SLRs in one of the endosperm domains were at least threefold
higher compared to the seed coat and SLRs were below five in
vegetative tissues (Table S3). Genes were considered as being
expressed in the endosperm with SLRs>4.5 in at least one of the
endosperm domains (Table S5). The transcript profiles of wild-
type and fis2 seeds at 3 and 6 DAP as well as seeds derived from
interploidy crosses were published by [46,52]. H3K27me3
profiling data from vegetative tissues and the endosperm were
published by [52,64]. Clustering analysis of expression profiles was
performed using TM4 software [65]. DNA methylation profiles
were taken from [7,41] and were visualized using R software
(http://www.r-project.org/). Enrichment of GO categories (obtained
from TAIR) was tested based on the hypergeometric test and
multiple-testing correction according to [61] with a critical p-value
of 5.0E-03. Homologous genes were identified using the blastp
program from blastall (http://www.ncbinlm.nih.gov/staff/tao/
URLAPI/blastall/) by applying matrix BLOSUMG62 and a critical
e-value of 0.01. Identification of MEG and PEG clusters was
performed by establishing the frequency of MEGs and PEGs
present in windows of a defined size using a sliding window
analysis. p values were calculated from a reference distribution that
was based on an identical number of randomly sampled genes.
Transposable elements were identified based on information in the
TAIR  database  (ftp://ftp.arabidopsis.org/home/tair/Genes/
TAIRS8_genome_release/ TAIR8_Transposable_Elements.txt). Stat-
istical testing was performed using a hypergeometric test as well as a
permutation test. Both tests gave the same result.

Testing for evidence of rapid evolution of MEGs and
PEGs. Reciprocal BLASTP searches were performed between
Arabidopsis thaliana versus Arabidopsis lyrata (1.e. Arabidopsis thaliana
peptides versus Arabidopsis lyrata peptide database and Arabidopsis
lyrata peptides versus Arabidopsis thaliana peptide database) of all
MEGs and PEGs listed in Tables S4 and S7, respectively. The
reciprocal top hit sequences were then aligned at the peptide level
using MUSCLE [66]. Using the peptide alignment as a template
the reciprocal top hit CDS sequences were then aligned using the
tranalign [67]. Pairwise dy/ds analysis was then performed on the
CDS alignments using both the CodeML program (using model 0
and runmode -2) and yn00 both from the PAML package [68].
The values from CodeML are reported in the main text, values for
both CodeML and yn00 are found in Tables S9, S10 and S11.

Validation of RNA-Sequencing Results

Selected loci were validated using independently prepared
RNASs from reciprocal crosses between Col-0 and Bur-0. Primers
used for allele specific expression analysis of selected genes are
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specified in Table S20. The amplified products were either
digested with indicated restriction enzymes (Table S20) and
analyzed on agarose gels or by DNA sequencing.

Supporting Information

Figure S1 Expression of PEGs in Vegetative and Seed Tissues.
(A) Cluster analysis of PEGs and accession-dependent PEGs based
on their expression in vegetative tissues and seeds. PEGs were
grouped into two mutually exclusive clusters based on their
expression in pollen. The cluster containing genes with low or
without expression in pollen is marked by a light blue bar; the
cluster containing genes with high pollen expression is marked
with a dark blue bar. Each row represents a gene, and each
column represents a tissue type. Tissue types are: seedlings,
cotyledons, hypocotyl, leaves, stems, roots, shoot apical meristem
(SAM), flowers at stages 10, 12, 15, siliques containing seeds with
embryos in the globular to heart stage, heart stage and torpedo
stage. Red or green indicate tissues in which a particular gene is
highly expressed or repressed, respectively. (B) Cluster analysis of
PEGs and accession-dependent PEGs based on their expression in
embryo, endosperm and seed coat during different stages of seed
development. PEGs were grouped into three mutually exclusive
clusters based on their expression in embryo and the endosperm.
The cluster containing genes with low or without expression in
embryo and endosperm is marked with a light orange bar, the
cluster containing genes with low expression in the embryo but
high endosperm expression is marked with a dark orange bar, and
the cluster containing genes with high expression in embryo but
low or without expression in the endosperm is marked with a red
bar. Each row represents a gene, and each column represents a
tissue type. Tissue types are: embryos from the preglobular stage to
the mature stage, micropylar (MPE), peripheral (PE) and chalazal
(CZE) endosperm derived from seeds containing embryos of the
preglobular stage to the mature stage, and seed coat derived from
seeds containing embryos of the preglobular stage to the mature
stage. Red or green indicate tissues in which a particular gene is
highly expressed or repressed, respectively.

(PDI)

Figure 82 Interaction Network of AGL Transcription Factors
Based on Yeast Two Hybrid Interaction Data [37]. Maternally
expressed MEGs are indicated in red, paternally expressed AGLs
are indicated in blue. The central regulator AGL62 is depicted in
orange.

(PDF)

Figure 83 CG DNA Methylation Profiles of MEGs
Vegetative Tissues and Endosperm and Expression Analysis of
MEGs in fis2 and 2nx4n Interploidy Crosses. (A—C) Analysis of
MEGs without prominent CG DNA methylation levels in the
vicinity of genic regions. (D-F) Analysis of MEGs with prominent
CG DNA methylation levels in the vicinity of genic regions. (A, D)
Fold-changes of MEG expression in fis2 mutant seeds at 3 and 6
days after pollination (DAP) and from seeds derived from
pollination with tetraploid pollen donors at 6 DAP compared to
wild-type seeds at the corresponding time points. Data are based
on ATHI microarray signals after RMA normalization. Signifi-
cantly deregulated genes are marked by an asterisk. (B, E) CG
DNA methylation profiles of indicated MEGs in vegetative tissues
(black line) or endosperm (red line) based on data published by
[7,41]. The gray bar represents the annotated gene body from
transcription start (left) to transcription end (right). Red boxes
represent transposable elements. Profiles are shown for 5% length
intervals along the gene body and for 100 bp sequence intervals

in
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for the 2-kb regions upstream and downstream of each gene. The
vertical dotted lines mark the gene body. The horizontal dashed
line marks the DNA methylation level in vegetative tissues of
TAIR8-annotated genes at the transcriptional start site. (G, F)
H3K27me3 profiles of indicated MEGs in vegetative tissues (black
line) or endosperm (red line) based on data published by [52,64].
The gray bar represents the annotated gene body from
transcription start (left) to transcription end (right). Red boxes
represent transposable elements. Profiles are shown for 5% length
mtervals along the gene body and for 100 bp sequence intervals
for the 2-kb regions upstream and downstream of each gene. The
vertical dotted lines mark the gene body. The horizontal dashed
line marks the H3K27me3 level of TAIR8-annotated genes at the
transcriptional start site.

(PDI)

Figure S4 (G DNA Methylation Profiles of PEGs in Vegetative
Tissues and Endosperm and Expression Analysis of PEGs in fis2 and
2nx4n Interploidy Crosses. (A) Fold-changes of PEG expression in
Jis2 mutant seeds at 3 and 6 days after pollination (DAP) and from
seeds derived from pollination with tetraploid pollen donors at 6 DAP
compared to wild-type seeds at the corresponding time points. Data
are based on ATH1 microarray signals after RMA normalization.
Significantly deregulated genes are marked by an asterisk. (B) CG
DNA methylation profiles of indicated PEGs in vegetative tissues
(black line) or endosperm (red line) based on data published by [7,41].
The gray bar represents the annotated gene body from transcription
start (left) to transcription end (right). Red boxes represent
transposable elements. Profiles are shown for 5% length intervals
along the gene body and for 100 bp sequence intervals for the 2-kb
regions upstream and downstream of each gene. The vertical dotted
lines mark the gene body. The horizontal dashed line marks the DNA
methylation level in vegetative tissues of TAIR8-annotated genes at
the transcriptional start site. (C) H3K27me3 profiles of indicated
PEGs in vegetative tissues (black line) or endosperm (red line) based
on data published by [52,64]. The gray bar represents the annotated
gene body from transcription start (left) to transcription end (right).
Red boxes represent transposable elements. Profiles are shown for
5% length intervals along the gene body and for 100 bp sequence
intervals for the 2-kb regions upstream and downstream of each gene.
The vertical dotted lines mark the gene body. The horizontal dashed
line marks the H3K27me3 level of TAIR8-annotated genes at the
transcriptional start site.

(PDF)

Figure 85 CHG and CHH Methylation Profiles of MEGs. (A, B)
CHG (A) and CHH (B) DNA methylation profiles of MEGs shown
in Figure 4 in vegetative tissues (black line) or endosperm (red line)
based on data published by [7,41]. (C, D) CHG (C) and CHH (D)
DNA methylation profiles of MEGs shown in Figure S3A in
vegetative tissues (black line) or endosperm (red line) based on data
published by [7,41]. The gray bar represents the annotated gene
body from transcription start (left) to transcription end (right). Red
boxes represent transposable elements. Profiles are shown for 5%
length intervals along the gene body and for 100 bp sequence
intervals for the 2-kb regions upstream and downstream of each
gene. The vertical dotted lines mark the gene body. The horizontal
dashed line marks the DNA methylation level in vegetative tissues of
TAIR8-annotated genes at the transcriptional start site.

(PDI)

Figure 86 Average H3K27me3 profiles of vegetative tissues and
endosperm. Average H3K27me3 profiles of vegetative tissues
(black line) or endosperm (red line) of TAIR8-annotated genes (left
panels), MEGs (middle panels), and PEGs (right panels). MEGs
and PEGs correspond to all genes indicated in Tables S4 and S7,
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respectively. The gray bar represents the annotated gene body
from transcription start (left) to transcription end (right). Profiles
are shown for 5% length intervals along the gene body and for
100 bp sequence intervals for the 2-kb regions upstream and
downstream of each gene. The vertical dotted lines mark the gene
body. The horizontal dashed line marks the H3K27me3 level of
TAIR8-annotated genes at the transcriptional start site.

(PDF)

Figure 87 Identification of windows containing significantly
enriched numbers of clustered MEGs (A) and PEGs (B). The
significance threshold (p =0.05) is indicated by a red line.

(PDF)

Figure 88 Overlap of MEGs (A) and PEGs (B) identified by [45]
and MEGs and PEGs identified in this study. MEGs_LC and
PEGs_LC correspond to MEGs and PEGs identified by [45] using
Ler/Col accessions; MEGs_BC and PEGs_BC correspond to
MEGs and PEGs identified in this study using Bur-0/Col-0
accessions. Unfiltered MEGs_LL.C and PEGs_L.C were identified
by [45] using p=0.001 and p=0.05, respectively. Unfiltered
MEGs_BC and PEGs_BC correspond to data shown in Tables S1
and S2, respectively. Filtered MEGs_BC and PEGs_BC corre-
spond to data shown in Tables S4 and S7, respectively.

(PDE)

Figure 89 Cluster analysis of MEGs identified by [45] that overlap
with unfiltered MEGs identified in this study (Table S15). Cluster
analysis of MEGs was based on their expression in embryo,
endosperm and seed coat during different stages of seed development.
The cluster containing genes with low or without expression in seed
coat is marked by a vertical orange bar. The cluster containing genes
with high expression in the seed coat is marked by a vertical yellow
bar. Genes present in our filtered MEG dataset (Table S7) are
indicated. Each row represents a gene, and each column represents a
tissue type. Tissue types are: embryos from the preglobular stage to
the mature stage, micropylar (MPE), peripheral (PE) and chalazal
(CZE) endosperm derived from seeds containing embryos of the
preglobular stage to the mature stage, and seed coat derived from
seeds containing embryos of the preglobular stage to the mature
stage. Red or green indicate tissues in which a particular gene is
highly expressed or repressed, respectively.

(PDF)

Table S1 Genes with maternally-biased expression (MEGs). m,
Maternal, p, Paternal alleles.

(XLSX)

Table 82 Genes with paternally-biased expression (PEGs). m,

Maternal, p, Paternal alleles.

(XLSX)

Table 83 Genes that are expressed in at least one stage and
domain of endosperm development until heart stage and are not
expressed in the seed coat and in vegetative tissues (seedlings,
cotyledons, hypocotyl, leaves, stems, roots, shoot apical meristem,
flowers at stages 10, 12).

(XLSX)

Table $4 MEGs and accession-dependent MEGs. m, Maternal,
p, Paternal alleles. Genes marked in yellow are PcG target genes in
vegetative tissues. Genes marked in orange have higher expression
levels in flowers stage 12 than in siliques containing seeds with
globular stage embryos (SLRSsgeeds-SLRSpowers). AD, accession-
dependent imprinting; + imprinting confirmed; -, imprinting not
confirmed.

(XLSX)
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Table S5 Genes that are expressed in at least one stage and
domain of endosperm development until heart stage.

(XLSX)

Table 86 Genes with paternally-biased expression (PEGs). m,
Maternal, p, Paternal alleles.

(XLSX)

Table 87 PEGs and accession-dependent PEGs. m, Maternal, p,
Paternal alleles. Genes marked in yellow are PcG target genes in
vegetative tissues. AD, accession-dependent imprinting; + imprint-
ing confirmed; -, imprinting not confirmed.

(XLSX)

Table $8 GO analysis of MEGs and PEGs (including accession-
dependent MEGs and PEGs).
(PDE)

Table 89 Median omega, dN and dS values as calculated from
pairwise alignments between Arabidopsis thaliana and Arabidopsis
lrata orthologs. Measure of spread represented as the semi
interquartile range.

(PDF)
Table S10 Outputs for MEGs from Codeml and YNOO

programs from the Codeml package.

(XLSX)

Table S11  Outputs for PEGs from Codeml and YNOO programs
from the Codeml package.
(XLSX)

Table S12 Number of homologous genes to MEGs and PEGs
(including accession-dependent MEGs and PEGs) in comparison
to the genome-wide frequency of gene homologs.

(PDF)

Table S13 Comparative analysis of parent-of-origin specific
genes identified in this study and published in [45]. Overlap of
unfiltered MEGs_LC (p<<0.05) and unfiltered MEGs_BC (Table
S1). MEGs_LC, MEGs identified by Hsieh and colleagues [45]
using Ler/Col-0 accessions; MEGs_BC, MEGs identified in this
study using Bur-0/Col-0 accessions.

(XLSX)

Table S14 Comparative analysis of parent-of-origin specific
genes identified in this study and published in [45]. Overlap of
unfiltered MEGs_LC (p<<0.001) and unfiltered MEGs_BC (Table
S1). MEGs_LC, MEGs identified by Hsieh and colleagues [45]
using Ler/Col-0 accessions; MEGs_BC, MEGs identified in this
study using Bur-0/Col-0 accessions.

(XLSX)

Table S15 Comparative analysis of parent-of-origin specific
genes identified in this study and published in [45]. Overlap of
MEGs_LC (p<<0.001 filtered for endosperm expression) and
unfiltered MEGs_BC (Table S1). MEGs_LC, MEGs identified
by Hsich and colleagues [45] using Ler/Col-0 accessions;
MEGs_BC, MEGs identified in this study using Bur-0/Col-0
accessions.

(XLSX)

Table S16 Comparative analysis of parent-of-origin specific
genes identified in this study and published in [45]. Overlap of
unfiltered MEGs_LC (p<<0.001) and filtered MEGs_BC (Table
S7). MEGs_LC, MEGs identified by Hsieh and colleagues [45]
using Ler/Col-0 accessions; MEGs_BC, MEGs identified in this
study using Bur-0/Col-0 accessions. Genes marked in yellow have
been identified as accession-dependent MEGs_BC.

(XLSX)
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Table S17 Comparative analysis of parent-of-origin specific
genes identified in this study and published in [45]. Overlap of
filtered MEGs_LC (p<<0.001) and filtered MEGs_BC (Table S7).
MEGs_LC, MEGs identified by Hsieh and colleagues [45] using
Ler/Col-0 accessions; MEGs_BC, MEGs identified in this study
using Bur-0/Col-0 accessions. Genes marked in yellow have been
identified as accession-dependent MEGs_BC.

(XLSX)

Table S18 Comparative analysis of parent-of-origin specific
genes identified in this study and published in [45]. Overlap of
unfiltered PEGs_LC (p<<0.05) and unfiltered PEGs_BC (Table
S2). PEGs_LC, PEGs identified by Hsieh and colleagues [45]
using Ler/Col-0 accessions; PEGs_BC, PEGs identified in this
study using Bur-0/Col-0 accessions. Genes marked in red are not
present on the ATHI1 miroarray. Genes marked in yellow have
been identified as accession-dependent PEGs_BC.

(XLSX)

Table S19 Comparative analysis of parent-of-origin specific
genes identified in this study and published in [45]. Overlap of
unfiltered PEGs_LC (p<<0.05) and filtered PEGs_BC (Table S7).
PEGs_LC, PEGs identified by Hsieh and colleagues [45] using
Ler/Col-0 accessions; PEGs_BC, PEGs identified in this study
using Bur-0/Col-0 accessions. Genes marked in yellow have been
identified as accession-dependent PEGs_BC.

(XLSX)
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expression analysis.
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and enzymes used for allele-specific
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